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Thermotropic main-chain liquid crystalline polymers (MCLCPs) constitute an 
important class of engineering plastics for structural applications and have wide-range 
applications in high value-added electronic devices & advanced composites. As 
compared to the conventional liquid crystalline polymers (LCPs), fluorinated LCPs 
with fluorine’s unique properties: small size, large electronegativity, low 
polarizability, and large fluorine-fluorine repulsion, can decrease the phase transition 
temperature of thermotropic MCLCPs, thus eliminating theisotropic stage and 
obtaining a nematic mesophase.  
 
The aim of this study was to synthesize a new family of fluorinated polyesters 
and poly(ester-amide)s groups and attempt to discover novel thin film LCPs. In this 
study, various monomer units, such as flexible spacers, kinked monomeric units and 
pyridazine moieties, were incorporated into fluorinated MCLCPs via thin film 
polymerization. Using this method, a series of fluorinated MCLCPs were synthesized 
and characterized. A computational simulation (“RIS” Metropolis Monte Carlo 
Simulation) was also employed to study the likelihood of LC phase formation. 
Moreover, the transition kinetics for the mesophase formation were examined by 
Differential Scanning Calorimetry (DSC) and analyzed by the Avrami equation.  
 
Firstly, the effects of various monomeric units on morphological changes and 
formation of liquid crystallinity were investigated. Detailed examination of 2,6-
acetoxynapthoic acid (ANA)/acetoxy acetanilide (AAA)/perfluoroalkyl flexible 
spacers revealed that the systems containing short perfluoroalky spacers (n = 2, 3) 
 VIII
tended to remain in LC phase, while the system containing a long perfluoroalkyl 
spacer (n = 8) tended to crystallize during the late stage of polycondensation. Next, 
for the kinked tetrafluorobenzene moieties, both simulation and experimental results 
confirmed that ABA (p-acetoxybenzoic acid)/AAA/TFTA (tetrafluoroterephthalic 
acid, para) has the greatest tendency to yield the LC formation, followed by 
ABA/AAA/TFIA (tetrafluoroisophthalic acid, meta) and finally ABA/AAA/TFPA 
(tetrafluorophthalic acid, ortho). Surprisingly, we observed that the meta-linkage has 
a much lower critical ABA content than the ortho-linkage in hydrogenated systems, 
while the opposite result was found in fluorinated systems. Subsequently the 
feasibility of incorporating pyridazine moiety (maleic hydrazine, MH), as heterocyclic 
unit, and hydroquinone moiety (hydroquinone, HQ) into the main chain was studied. 
A nematic-mosaic (domain) texture was found in ABA/MH/TFTA film whereas 
domain and crystal texture were observed in ABA/HQ/TFTA system. Overall, all the 
above systems satisfied the minimum requirement, which is a persistence ratio larger 
than 6.42, for the LC formation by molecular science simulation. 
 
Secondly, the transition kinetics of ABA/MH/TFTA and ABA/HQ/TFTA 
were studied by DSC and analyzed by the Avrami equation. The average Avrami 
exponent, n, was ca. 1.2, suggesting a mesophase transition in ABA/MH/TFTA film. 
In addition, the results obtained from polarizing light microscope and DSC studies 
confirmed the phase transition in ABA/HQ/TFTA as crystalÆ nematicÆ isotropic.  
 
Finally, ABA/MH/TFTA with unique pyridazine moiety was extended to 
investigate the director fields of disclination. The ABA/MH/TFIA (meta) was also 
introduced to examine the effects of kinks on topological defect of disclination 
 IX
strength, liquid crystallinity and surface microcracks decoration. An optical 
microscope study showed that the surface microcracks form in the nematic-mosaic 
texture during rapid quenching. The ABA/MH/TFTA film exhibits disclination 
strengths with S = +1 and - ½. However, two disclination strengths with S = ±1 were 
observed in the ABA/MH/TFIA system. The microcracks width was about 2μm, 
which was found to decrease rapidly with increasing reaction temperature and was 
also highly dependent on the domain size. 
 
To conclude, a series of fluorinated MCLCPs was successfully synthesized; 
the formation of the liquid crystallinity was found to be strongly dependent on the 
monomer structures, perfluroalkyl flexible spacers, kink-linkages and pyridazine 
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n Number of repeated unit 
n Avrami parameter 
n Local director 
N Global director orientation 
N Number of black brushes 
k Temperature-dependent rate constant 
K1 Elastic distortions for splay 
K2 Elastic distortions for twis 
K3 Elastic distortions for bend 
q/d Persistence ratio (persistence length/diameter) 
r2 Mean squared end-to-end distance 
s2 Mean squared radius of gyration 
S Strength of disclination 
t Crystallization time 
x Axis ratio 
vp* Critical volume faction  
θ Angle between the individual long molecular axis and the director 
Φ Angular coordinate of a give point with respect to disclination core 
ω Angle 
 XI
ΔH Heat of fusion 
λ X-ray wavelength 
 
Abbreviations 
AAA Acetoxy acetanilide 
ABA Acetoxybenzoic acid 
ANA 2,6-Acetoxynapthoic acid 
BP p,p’-Biphenol 
BTMP 3,5- Bis(trifluoromethyl)phenol 
DSC Differential scanning calorimetry 
HBA p-Hydroxybenzoic acid  
HNA 2,6-Hydroxynaphthoic 
HQ Hydroquinone  
HFGA Hexafluoroglutaric acid 
FPA 3-Fluorophthalic acid  
FT-IR Fourier Transform Infrared Spectroscopy 
IA Isophthalic acid 
LC Liquid crystal 
LCD Liquid crystal display 
LCPs Liquid crystalline polymers 
MAXS Middle-angle X-ray scattering 
MCLCPs Main-chain liquid crystalline polymers 
MH Maleic hydrazine 
 XII
PA Phthalic acid 
pcff Polymer consistent force field 
PDA Personal digital assistants 
PET Poly(ethylene terephthalate) 
PFSUA Perfluorosuberic acid 
PFSEA Perfluorosebacic acid 
PFP Pentafluorophenol 
PLM Polarizing light microscopy 
PONA Poly(2,6-oxynaphthoate) 
SAXS Small angle X-ray scattering  
SCLCPs Side-chain liquid crystalline polymers 
STN Super twisted nematic 
TA Terephthalic acid 
Tc Isothermal crystallization temperatures 
Td Decomposition temperature 
TEM Transmission Electron Microscope 
TFA 3-Fluorophthalic acid 
TFIA Tetrafluoroisophthalic acid 
TFPA Tetrafluorophthalic acid 
TFTA Tetrafluoroterephthalic acid 
TFSA Tetrafluorosuccinic acid 
TFT Thin film transistor 
Tm Melting temperature 
 XIII
TN Twisted nematic 
Tg Glass transition temperature 
TGA Thermo-gravimetric Analysis 
WAXD Wide-angle X-ray diffraction 
XPS X-ray Photoelectron Spectroscopy 
XRD  X-ray diffraction 
 
 XIV
LIST OF FIGURES 
 
Figure 2.1 Placement of the liquid crystal phase within the general 




Figure 2.2 Comparison of specific strength vs. specific modulus for 
various high performance materials 
 
9
Figure 2.3 The architectures of liquid crystalline polymer: (a) main-chain 












Figure 2.6 Plot of Tm (·) and TLC-I (o) against the number of -(CH2)- unit 
in liquid crystalline polyester 
 
23




Figure 2.8 Schematic representation of liquid crystalline molecules 
aligned in the nematic phase 
 
30
Figure 2.9 Schematic diagram of nematic organization of molecules: (a) 
small-molecule liquid crystal, (b) liquid crystalline polymer 




Figure 2.10 Schematic representation of biaxial nematic phase with local 
orientational order about all three axes 
 
31
Figure 2.11 Polydomain structure in liquid crystalline polymers 
 
32
Figure 2.12 A typical X-ray Diffraction Patterns in the nematic phase 
 
32
Figure 2.13 Schematic representation of liquid crystalline molecules 




Figure 2.14 Schematic representation of liquid crystalline molecules 
aligned in (a) smectic A phase and (b) smectic C phase 
 
35
Figure 2.15 Example of X-ray Diffraction Patterns in the smectic C 
 
35
Figure 2.16 Schematic representation of distortion in liquid crystalline 
phase: (a) splay, (b) twist and (c) bend 
 
38
Figure 2.17 Schlieren texture observed by polarizing microscope 
 
40
Figure 2.18 (a) Identification of the angle θ and Φ for describing a 
disclination (b)-(g) schematic representations of the molecular 
arrangement at disclinations with different values of S and C 
 
41
Figure 2.19 Schematic representations of defects structure in nematic 
phases: (a) π disclination and (b) π/2 disclination. The 
orientation of the director is indicated by lines 
 
43
Figure 3.1 The monomers used in the thin film polymerization 
 
55
Figure 3.2 The sample package for thin film polymerization 
 
57
Figure 4.1 Micrographs showing morphologies of the 70/15/15 
ANA/AAA/TFSA polymerization reaction system at different 
reaction times. All the micrographs were obtained from the 
same area of the same sample. Reaction temperature: 280°C 
 
70
Figure 4.2 Micrographs showing morphologies of the 70/15/15 
ANA/AAA/HFGA polymerization reaction system at different 
reaction times. All the micrographs were obtained from the 
same area of the same sample. Reaction temperature: 280°C 
 
71
Figure 4.3 Micrographs showing morphologies of the 70/15/15 
ANA/AAA/PFSUA polymerization reaction system at 
different reaction times. All the micrographs were obtained 




Figure 4.4 Micrographs showing morphologies of the 70/15/15 
ANA/AAA/PFSEA polymerization reaction system at 
different reaction times. All the micrographs were obtained 





Figure 4.5 The FTIR spectra of 70/15/15 ANA/AAA/HFGA reaction 
system at 280°C for different reaction times: (a) 0min, (b) 1hr 
and (c) 2 hrs 
 
74




Figure 4.7 The critical ANA content for LC formation in the 
ANA/AAA/HFGA system. The reaction temperature was 
300°C and reaction compositions were: (a) 30/60/10, (b) 
30/35/35 and (c) 30/10/60 
 
77
Figure 4.8 Micrographs showing morphologies of the ANA/AAA/HFGA 
polymerization    reaction system at different reaction 
compositions: (a) 30/60/10, (b) 30/35/35 and (c) 30/10/60.  All 
the micrographs were obtained from the same area of the same 
sample. Reaction temperature: 300°C 
 
78
Figure 4.9 The critical ANA content for LC formation in the 
ANA/AAA/PFSEA system. The reaction temperature was 
300°C and reaction compositions were: (a) 40/50/10, (b) 
40/30/30 and (c) 40/10/50 
 
79
Figure 4.10 Micrographs showing morphologies of the ANA/AAA/PFSEA 
polymerization reaction system at different reaction 
compositions: (a) 40/50/10, (b) 40/30/30 and (c) 40/10/50. All 
the micrographs were obtained from the same area of the same 
sample. Reaction temperature: 300°C 
 
80
Figure 5.1 Set of simulation observed for a) ABA/AAA/TFPA, b) 
ABA/AAA/TFIA and c) ABA/AAA/TFTA copoly(ester-




Figure 5.2 Calculated temperature dependence of the persistence length 
for 70/15/15 ABA/AAA/TFPA, ABA/AAA/TFIA, and 
ABA/AAA/TFTA systems by simulation 
 
89
Figure 5.3 Morphology of the 70/15/15 ABA/AAA/TFPA (ortho) 
polymerization reaction system at different reaction times. All 
the micrographs were obtained from the same area of the same 
sample. Reaction temperature: 300 °C 
 
90
Figure 5.4 Morphology of the 70/15/15 (a) ABA/AAA/TFIA (meta) and 
(b) ABA/AAA/TFTA (para) polymerization reaction system at 
different reaction times. All the micrographs were obtained 
91
 XVII
from the same area of the same sample. Reaction temperature: 
300 °C 
 
Figure 5.5 Time dependence of the area (A) of the LC annihilation 
process for 70/15/15 ABA/AAA/TFPA (TFIA/TFTA) systems 
at 300 °C 
 
94
Figure 5.6 Time dependence of the area (A) of the crystal growth process 
for 70/15/15 ABA/AAA/TFPA (TFIA/TFTA) systems at 300 
°C  
95
Figure 5.7 The dependence of the critical ABA content for 
ABA/AAA/TFPA, ABA/AAA/TFIA and ABA/AAA/TFTA 
systems on the reaction temperature 
 
97
Figure 5.8 The dependence of the critical ABA content for 
ABA/AAA/FPA (Cheng and Chung, 2002), ABA/AAA/PA 
(Cheng and Chung, 2002), ABA/AAA/TFIA and 




Figure 5.9 Morphology of the ABA/AAA/TFPA polymerization reaction 
system at different reaction compositions: (a) 45/27.5/27.5, (b) 
40/30/30, (c) 30/35/35. All the micrographs were obtained 




Figure 5.10 The FT-IR spectra of 70/15/15 ABA/AAA/TFIA reaction 




Figure 6.1 Morphology of the 70/15/15 ABA/MH/TFTA polymerization 
reaction system at 300°C for different reaction time. (i) and 
(ii): disclinations in the nematic mesophase by microcracks 
decoration after quenching to  room temperature 
 
110
Figure 6.2 Morphology of (a) 70/15/15 ABA/MH/TFTA and (b) 70/15/15 




Figure 6.3 Chain morphology of thin film copolyester containing 1 
repeated unit: (a) ABA/MH/TFTA and (b) ABA/HQ/TFTA 
 
113
Figure 6.4 The FTIR spectra of 70/15/15 ABA/MH/TFTA reaction 





Figure 6.5 DSC second heating and cooling traces at 20°C/min for (a) 
70/15/15 ABA/MH/TFTA and (b) ABA/HQ/TFTA 
 
116
Figure 6.6 Polarizing light micrograph showing morphologic changes for 
70/15/15 ABA/MH/TFTA: heating to (a) at 180°C, (b) 290°C, 




Figure 6.7 Polarizing light micrograph showing morphological changes 
during heating for 70/15/15 ABA/HQ/TFTA at: (a) room 








Figure 6.9 Set of DSC heating curves for 70/15/15 ABA/MH/TFTA with 
different heating rates 
 
121
Figure 6.10 Plot of relative crystallinity vs. crystallization time 
 
123
Figure 6.11 Plot of log (-ln(1-θ)) vs. log t for isothermal crystallization 
 
123
Figure 6.12 DSC cooling curves for 70/15/15 ABA/HQ/TFTA cooled to 
room temperature with different cooling rates 
 
125
Figure 6.13 Heating Traces for 70/15/15 ABA/HQ/TFTA crystallized at 
different temperatures for 60min 
 
126
Figure 6.14 DSC heating curves for 70/15/15 ABA/HQ/TFTA crystallized 
at 280°C for different time 
 
129
Figure 6.15 DSC heating curves for 70/15/15 ABA/HQ/TFTA crystallized 
at 260°C for different time 
 
130
Figure 7.1 The morphologies of 70/15/15 ABA/MH/TFTA film at 
different temperatures (a) isothermal at 300°C for 2hrs, (b) 
quenching to 150°C, (c) and (d) the surface microcracks 
decoration of the integral disclination, circular pattern, S = +1 
at room temperature 
 
137
Figure 7.2 The surface microcracks decorated PLM micrographs for (a) 
domain texture and (c) disclination of S = +1; (b) and (d) 
depicted the mapped molecular director orientation for (a) and 
(c) 
138
Figure 7.3 The surface microcracks decoration of 70/15/15 141
 XIX
ABA/MH/TFIA of the integral disclination, circular pattern, 
(a) S = +1, (b) S =-1 and (c) depicted the mapped molecular 
director orientation for (b) 
Figure 7.4 The surface morphologies of ABA/MH/TFTA at different 
compositions and temperature 
146
Figure 7.5 The surface morphologies of ABA/MH/TFIA at different 
compositions and temperature 
147
 XX
LIST OF TABLES 
 
Table 2.1 Examples of Modifying Units 
 
20
Table 2.2 Persistence length and persistence ratio in various polymers 
 
26
Table 4.1 The properties of polymer chains with different flexible 
linkages (20 repeated units) at the temperature of 280°C 
simulated by RMMC – Cerius2 Molecular Simulation Software 
 
66
Table 4.2 The properties of polymer chains with different lengths of 
flexible linkage on methyl and perfluoroalkyl (20 repeated 
units), P(ONA) (100 repeated units) and Vectra B (20 repeated 
units) at the temperature of 280°C simulated by RMMC - 
Cerius
2
 Molecular Simulation Software 
 
67
Table 5.1 The properties of random built LCPs chains with ortho-, meta- 
and para-linkages (300 repeated units) at the temperature of 




Table 5.2 The thermal behavior observed by DSC and TGA examination 
for copoly(ester-amide)s LCPs 
 
103
Table 6.1 Thermal transitions observed by DSC and PLM during heating 
for 70/15/15 ABA/MH/TFTA and ABA/HQ/TFTA systems. * 
Peaks are shown in Figure 6, + Temperature range 
 
119
Table 6.2 Results of isothermal crystallization kinetic parameters   
 
124
Table 6.3 Effect of crystallization temperature on melting temperature 
and total heat of fusion of 70/15/15 ABA/HQ/TFTA 
 
127
Table 7.1 The properties of the random built LCPs chains with 70/15/15 
ABA/MH/TFIA(TFTA) (300 repeated units) at the 
temperature of 300°C, simulated by RMMC - Cerius2 









1.1 GENERAL DESCRIPTION 
 
 Over the past decade, many liquid crystalline polymers (LCPs) have been 
discovered and they have become one of the most rapidly growing research fields in 
material science. Generally speaking, LCPs represent the outcome of multidisciplinary 
interactions between two well-established sciences: 1) liquid crystal science which was 
discovered by an Austrian botanist and chemist named Friedrich Reinitzer in 1888 and 2) 
polymer science which has been properly recognized since 1920s (Collyer, 1992; Platé, 
1993, Chung 2001). The combination of these two different fields gives considerable 
scope for research and development in LCPs in both academic area as well as industrial 
areas.    
 
LCPs are a new class of materials that combines the properties of a polymer with 
those of a liquid crystal (LC). They exhibit the mesophase characteristic, an intermediate 
between of solid crystal and isotropic liquid, and yet retain the versatile property of 
polymer. In order for a conventional polymer to present liquid crystal characteristics, the 
disk-like and rod-like mesogenic groups must be incorporated into the polymer backbone. 
Thermotropic main-chain liquid crystalline polymers (MCLCPs) are the most important 
class of LCPs because they have an exclusive combination of liquid crystal and 
 1
conventional thermotropic stage. Therefore, these materials have been widely used in 
current technologies for electronic devices and advanced composite applications due to 
their unique properties, such as melt processibility, superior mechanical properties, low 
moisture take-up as well as excellent thermal and chemical resistances (Calundann et al., 
1972; Chung, 1986; Collyer, 1992; Platé 1993; Jin and Kang, 1997). Although 
thermotropic MCLCPs possess good mechanical properties and chemical properties, it is 
reported that they still have a serious processing problem in term of their melting point 
(Tm), because it is above the decomposition temperature (Td), or processing only possible 
with Tm<Td. Therefore it becomes imperative for researchers to face the challenge of 
designing and ‘tailor-making’ these molecules to fulfill desired functional characteristics 
and industrial processing facility. 
 
Nowadays, the research and development in thermotropic MCLCPs are focused 
on molecular modifications either to lower the melting temperature or to reduce the 
production cost. The principal approach of this modification is to improve mobility and 
reduce the processing temperature through modifying the structure regularity by random 
distribution of monomers into the polymer chain; introducing flexible spaces along the 
polymer chain; incorporating lateral substituents on ring-substituted phenyl group; adding 
kinks and crankshaft monomers into the polymer backbone (Economy, 1989; Jaffe el al., 
1989; Collyer, 1992; Stegemeyer, 1994; Mantia and Magagnini, 1997; Chiellini et al., 
1997; Demus et al., 1998; Wang and Zhou, 2004) A detailed discussion of structural 
modifications in the LCPs will be presented in section 2.3.1.  
 
 2
1.2 OBJECTIVES AND SCOPES 
 
The overall objective of this research work was to synthesize fluorinated 
MCLCPs and incorporate different monomer units into the polymer backbone, in an 
attempt to discover novel thin film LCPs. In this study, different incorporations were 
prepared from Vectra® LCPs with good chemical and thermal stability via thin-film 
polymerization. The objectives of the current study encompass the following:  
 
1. Investigate the effect of introducing perfluoroalkyl flexible spacer in main-chain 
poly(ester-amide)s and examine liquid crystalline texture evolution as well as 
morphological changes. 
2. Explore the influence of fluorinated kinks monomeric units in LCPs backbone and 
identify the impact of kink moieties (ortho and meta) on fully fluorinated liquid 
crystalline poly(ester-amide)s. The impacts of kink moieties on the fully 
hydrogenated systems are further discussed in detail with fluorinated systems. 
3. Study the feasibility of introducing pyridazine moiety as a mesogenic unit into the 
main-chain and compare the liquid crystalline texture generation as well as phase 
transition kinetics for both pyridazine and hydroquinone moieties in fluorinated 
liquid crystalline polyesters. 
4. Examine the topological defects of disclination and surface microcracks decorations 




 The LCPs were synthesized by in-situ thin film polymerization. Subsequently, a 
computational simulation (“RIS” Metropolis Monte Carlo Simulation) was also 
employed to study the polycondensation process and the product’s properties. In addition, 
several characterization techniques such as Polarized Light Microscopy (PLM), 
Differential Scanning Calorimetry (DSC), Fourier Transform Infrared Spectroscopy (FT-
IR), Wide-angle X-ray diffraction (WAXD) and Thermo-gravimetric Analysis (TGA) 
were employed to characterize the resultant MCLCPs. 
 
 This study elucidates the important structure-property relationships in 
fluorinated liquid crystalline polyesters and poly(ester-amide)s, which may lead to a 
better understanding of molecular design in fluorinated MCLCPs. Moreover, the 
fluorinated LCPs in this study may be found useful for high value-added electronic 
devices and advanced composite applications in manufacturing. Generally, examination 
of thermotropic LCPs is a very complicated study, which includes synthesis, 
characterization, LCP blends as well as surface energy and transesterification reaction 
examination. The present study is focused only on synthesizing novel fluorinated 
MCLCPs and characterizing the resulting LCPs. In the next chapter, a classification of 
LC and LCPs will be presented as the fundamental basis for synthesis and modification 






1.3 STRUCTURE OF THESIS 
 
This thesis consists of eight main chapters. A brief introduction to this thesis is 
given in Chapter 1. The background literature is reviewed in Chapter 2 which includes a 
history of liquid crystals, liquid crystalline polymers, their classifications and 
applications. Chapter 3 describes the chemical structures of monomers used to synthesize 
the thin film polymers. The method of thin film polymerization, “RIS” Metropolis Monte 
Carlo Simulation and details of experimental methods are also given. Chapters 4, 5 and 6 
focus on the effects of wholly perfluoroalkyl aliphatic flexible spacer, fluorinated kink 
moieties (ortho- and meta-linkage) and heteroatom moieties (pyridazine) on the 
persistence ratio, generation of liquid crystallinity as well as crystallization state by 
means of both experiments and computational simulations. The influences of monomer 
structure and reaction conditions on the liquid crystallinity are also investigated in detail. 
Chapter 7 provides the effects of kink (meta and para moieties) on topological defect of 
disclination, mesophase formation and surface microcracks decoration. Finally, Chapter 8 






2.1 LIQUID CRYSTALS AND LIQUID CRYSTALLINE POLYMERS: A 
BRIEF HISTORY 
 
Liquid crystals are highly anisotropic fluids that exist between the disorder of 
isotropic liquid phase and the neatly arranged lattices of crystals (Chandrasekhar, 1992). 
This state of aggregation refers to a mesomorphic structure or a mesophase, where the 
term “mesophase” originated from the Greek word “meso” which means “in between”. 
Compared to isotropic liquid, LC aligns in a higher state of order, as shown in Figure 2.1. 
LC also has a higher intermolecular and intramolecular mobility than the solid crystals. 
Therefore, it has several degrees of freedom of molecular rotation, translation, oscillation 
and intramolecular conformational change (Weiss and Ober, 1990; Collyer, 1992; Donald 
and Windle, 1992). This unusual phase behavior in LC has attracted the interest of both 
theoretical and experimental researchers.  
  Increasing Temperature
          
                          Solid Crystal     Liquid Crystal   Isotropic Liquid         Gas  
 
Figure 2.1 Placement of the liquid crystal phase within the general scheme of the 
common phase of matter; the ‘sticks’ represent molecules 
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Liquid crystalline phenomenon was discovered more than 100 years ago. In 1888, 
an Austrian botanist and chemist named Friedrich Reinitzer was the first to observe the 
phenomenon of LC. He discovered that several esters of cholesterol had two distinct 
melting points. This discovery was further confirmed by a German physicist, Lehmann, 
using a polarized microscope.  The term “crystalline liquids” was suggested by Lehmann 
(1890) to describe this new class of materials-substances that are crystalline in their 
optical properties but have liquid mobility. Subsequently, the collaboration of discoveries 
between these two scientists outlined the foundations of liquid crystal science. From 
these findings, Vorlander (1923) began to demonstrate the concept of liquid crystalline 
polymers and systematically study the effect of molecular chain length on the liquid 
crystallinity. He established that liquid crystalline compounds must have a molecular 
shape that is as linear as possible for mesophase formation (Baumgärtel, 1994). This 
principle of molecular design eventually led to the polymerization of a rigid-rod polymer. 
Another outstanding contribution to the LC field was further made by Friedel, who gave 
a rational explanation for micrographs obtained from polarizing microscope and 
systematically concluded the structures of liquid crystal phases (Gray and Winsor, 1974). 
 
In the late 1940s, the first statistical theories of spontaneous aligning of rigid rod-
like polymer molecules in dilute solution were developed and introduced by Onsager 
(Onsager and Ann, 1949). In 1956, Flory extended this theory to concentrated solutions 
by using a lattice model for conventional polymers, which was able to predict and 
demonstrate the formation of biphasic equilibria. This theory specifically predicted that at 
a certain critical concentration, the rod-like molecules that possess an axial ratio (the ratio 
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of length to diameter) of greater than ~6.4 will spontaneously form two phases. Later, 
Flory and Ronca (1979) stretched and modified the rod-like lattice theory and finally 
revealed the relationship between liquid crystallinity, molecular aspect ratio, molecular 
packing, anisotropy of dispersion forces, characteristic temperature etc. These statistical 
findings became a milestone of LC-based study.  
 
Although the history of small molecule LC dated back to 1888, the emergence of 
synthetic LCPs is a recent event. In the 1950s’, activities were concentrated on the 
developments of commercials products. LCPs is a relatively new discovery on 
engineering advanced materials, such as new classes of high-modulus fibers, high-
temperature plastics and a host of new electronic & data storage materials. The first 
successfully commercialized LCPs were achieved by Du Pont with their aromatic amide 
fiber, poly(p-benzamide) and poly(p-phenylene terephthalamide), as trade name of 
Kevlar® . This fiber was developed by DuPont’s researchers (Kwolek, 1971, 1972) and 
has outstanding tensile properties resulted from the rigidity of molecular and anisotropic 
nature which easily induced orientation in liquid crystalline state. Figure 2.2 shows the 
comparison of various high performance fibers and clearly demonstrates that Kevlar 
LCPs have superior tensile strength vs. tensile modulus than metals and other organic 
materials. Today, Kelvar® fibers have replaced steel, fiberglass, asbestos and graphite, 
which have wide application, such as sails, ski poles, fiber-optic cable jacket and other 




 Figure 2.2 Comparison of specific strength vs. specific modulus for various high 
performance materials 
 
In the early 1970s, research and development on rod-like polyesters received great 
attention with the aim of generating materials that exhibit liquid crystalline behavior in 
melt, which could overcome the shortcoming of strong solvent (sulfuric acid) during the 
process of synthesizing lyotropic LCPs - Kevlar®. From 1975 to 1987, numerous 
aromatic polyester containing p-hydroxybenzoic acid (HBA) were successfully 
commercialized. Research by Jackson and his co-workers (Kuhfuss and Jackson, 1973, 
1974; Jackson and Kuhfuss, 1976) in Eastman Kodak led to the synthesis of the first 
thermotropic LCPs based on the copolymers concept of aromatic polyesters, later 
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commercialized under the trademark “X7G”. Next, Economy and his co-workers (Cottis 
et al., 1972; Cottis, 1974; Volksen el al. 1983) in Carborundum patented an aromatic 
copolyester based biphenol monomer, which was commercialized as “Ekkcel I-2000”. 
Subsequently, Celanese developed various tractable wholly aromatic thermotropic 
polyester and poly(ester-amide) under the trade name “Vectra” (Calundann, 1972, 1979). 
The melting points of the above LCPs were reduced significantly and the polymers could 
be processed in thermotropic LC phase below the degradation temperature. Moreover, 
these copolyesters also exhibited good mechanical properties.  
 
The development of liquid crystal display (LCD) technology in the middle of 
1960s produced demanding activity. This finding became another milestone in the history 
of liquid crystalline materials because their application greatly stimulated the LC research 
and development. After that, LC research works increased exponentially, which led to a 
better insight in molecular architecture and the development of products with specific 
properties. The involvement of polymers have directly added active rod-like molecules, 
which are similar to conventional LC molecules, onto flexible polymer chains either 
attached to the mesogenic group in side-chain or into the main-chain polymer backbone. 
A key advance in the side-chain LCPs was the realization by Ringsdorf, Finkelmann and 
their coworkers (Finkelmann et al., 1978) that rod-like side-chains would form 
mesophases when they decoupled from the backbone to which they were attached a 
flexible chain as a spacer. Thus, it can be concluded that over the past three decades, 
numerous research and development of LCPs in recognition of their unique properties has 
been actively carried out by both academia and industry with much successes. 
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2.2 LIQUID CRYSTALLINE POLYMERS 
 
Liquid crystalline polymers are a class of materials that combine the properties of 
polymers with those of liquid crystals. These "hybrids" show the same mesophases 
characteristic of ordinary liquid crystals, yet retain many of the useful and versatile 
properties of polymers. In order for normal flexible polymers to display LC 
characteristics, rod-like or disk-like elements (mesogens) must be incorporated into their 
chains. The architectures of LCPs may vary (as shown in Figure 2.3) and can be briefly 
classified into two groups: main-chain and side-chain. MCLCPs are formed when the 
mesogens are themselves part of the main-chain of a polymer. Conversely, side-chain 
liquid crystalline polymers (SCLCPs) are formed when the mesogens are connected as 
side-chains to the polymer by a flexible "bridge" (spacer). Other typical approaches are 
combined-LCPs, which are a hybrid between main-chain and side-chain LCPs, liquid 









Figure 2.3 The architectures of liquid crystalline polymer: (a) main-chain liquid 
crystalline polymers and (b) side-chain liquid crystalline polymers 
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 As mentioned before, for MCLCPs, the mesogens are introduced directly into the 
polymer backbones. These stiff regions along the main-chain allow the polymer to 
orientate in a manner similar to ordinary LC and thus display liquid crystallinity. 
Recently, the developments in mesophase have included the use of naphthalene, stilbene, 
etc. in the traditional phenylene group to produce the required rigid main-chain. 
Functional groups are formed between mesogenic units through polymerization and by 
linking the monomers for liquid crystalline polymerization. Another useful approach is to 
link the mesogenic units with flexible spacers where the spacers provide independent 
movement of the molecules which facilitates proper alignment.  
 
 
 On the other hand, in SCLCPs, the mesogenic groups are pendants of the 
conventional polymeric chain, attached by a flexible spacer unit. The major differences 
observed between main-chain and side-chain are that mesogenic group have a greater 
mobility in side-chain. SCLCPs crest a unique competition between the propensities of 
mesogenic units in the direction of anisotropic liquid crystalline order while the 
propensity of backbone chain towards isotropic chain formation. The glass transition 
temperature (Tg) is usually observed to decrease with increasing spacer length. 
Furthermore, short spacers tend to lead to nematic phase while long spacers lead to 






 In general, there are three basic requirements to mesophase formation, regardless 
of the molecular shape or size. The details are shown below: 
 
1. There must be a first-order transition between the true crystalline state leading to 
liquid crystalline state at lower temperatures and another first-order transition 
leading to isotropic liquid state and/or another LC state at the upper temperature 
bound of the liquid crystalline state. 
2. A liquid crystal should display only one- or two-dimensional order because true 
crystals have three-dimensional order while isotropic liquids are completely 
disordered. 
3. A liquid crystalline material must show some degree of fluidity.  
Normally, the preliminary conditions to form liquid crystalline phases are best met when 
the molecules have at least some portion of structure in the form of stiff disks- or rods-
like molecules.  
 
Most of the rod-like LC compound and LCPs consist of two or more rings 
(mesogenic groups), which are bonded directly to one another and/or connected by 
linking groups (L). Moreover, they can be linked to terminal (R) and lateral subsituents 
(Z) (Ciferri, 1991; Donald and Windle, 1992; Shibaev and Lam, 1994; Stegemeyer, 1994; 
Demus et al., 1998; Chung, 2001). The general chemical structure of MCLCPs is 





L1 L2 R2 R1 
Z1 Z2 Z3 
Figure 2.4 The chemical structure of MCLCPs 
 
The structures of frequently used cyclic units (rigid rod-like mesogens) are shown 
as follows (Chung, 1986; Demus et al., 1998; Chiellini et al., 1997): 
                           X                       
        p-Xylene                Substitute p-xylene                     2,6-Naphthalene 
                  
SN
S N                
ON
O N  
  1,4-Cyclohexane           2,6-Benzo{1,2-d;4,5-d}bisthiazole      2,6-Benzo{1,2-d;4,5-d}bisoxazole 
 
Ring substitution 
The linking groups (L) (Chung, 1986, 2001; Stegemeyer, 1994; Chiellini et al. 
1997; Demus et al., 1998) are usually used to bond the mesogens as the core of 
compound. These small chemical groups between the rings can increase the molecules’ 
length while preserving the linear shape. Some of the common linking groups are: 
 
 -CH2-CH2- -COO- -CH2O- -C≡C- 
R R 
-C=C- 
         
       Ethylene                  Ester           Methyleneoxyl       Alkenyl             Alkynyl         
 
-CONH- -CH=CH-   -N=N-       
            Amide               Diazenediyl             Azo                
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Moreover, some common terminal substituents (R) (Chung, 1986, 2001; 
Stegemeyer, 1994; Demus et al., 1998) are also listed below. Although a lot of 
subsituents can be used, the most popular ones are the alkyl and alkyloxy groups: 
 
      
          Alkyl         Perfluoroalkyl     Cyanomethyl          Alkyloxy           Alkoxycarbonyl 










        Cyano              Nitro                   Halogens 
 
In most cases, the lateral substituents (Z) (Stegemeyer, 1994; Demus et al., 1998) 






          Alkyl               Cyanomethyl      Hydroxyl            Alkyloxy             Cyano                      
 
-F, -Cl, -Br, -I 
         
-NO2 
        Nitro                   Halogens 
 
By combination of the moieties compiled above, thousands of LC compounds can 
be obtained. The combinations can be made arbitrarily provided that the mesophase 
characteristic yet functional properties are obtained. In addition, the detail chemical 
modification of MCLCPs would be covered in Section 2.3.1.   
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Although there exist intensive research and development in LCPs, the major 
research groups on LCPs are the industrial LCPs producers, such as: Celanese Hoechst 
(Vectra®), Eastman (X-7G®), DuPont (Zenite®), Amoco (Xydar®), Sumitomo 
(Sumikasuper®) and Mitsui Chemicals (polyamide and polyimide). Academically, a few 
research teams well known on LCPs studies can be summarized as below: 1) Geil’s group 
at University of Illinois (LCPs crystallinity and morphology), 2) Cheng’s group at 
University of Akron (thermodynamic study of LCPs, crystallization and annealing), 3) 
Blackwell’s group at Case Western University (LCPs crystallinity and morphology), 4) 
Weiss’ group at University of Connecticut (new LCPs and blends) and 5) Baird’s group 
at Georgia Institute of Technology (LCPs blends) 
 
2.3 THERMOTROPIC LIQUID CRYSTALLINE POLYMERS 
 
Generally, LCPs can be further divided into two categories, where thermotropic 
LCPs are observed by a change of temperature whereas lyotropic LCPs form in a suitable 
(isotropic) solvent (Chandrasheker, 1992; Collyer, 1992, Chung, 2001; Wang and Zhou, 
2004). There are two general classes of thermotropic LCPs. The first class consists of 
monomers that are fairly rigid, anisotropic and highly polarizable. These monomers are 
either rod-like or disk-like. The second class of monomers which cause liquid 
crystallinity in the polymer is amphiphilic monomers. Thermotropic LCPs are formed by 
pure mesogens in a certain temperature range. On the other hand, lyotropic LCPs are 
formed in solution and thus liquid crystallinity is controlled by concentration. In 
comparison with lyotropic LCPs, thermotropic LCPs have two superiorities: 1) they can 
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be melt-spun to yield high-modulus & high-strength fibers, polycondensation without 
solvent and 2) injection-molded into complicated three-dimensional parts without losing 
the uniqueness of LCPs characteristics. 
 
 Thermotropic LCPs have unique combinations of properties, such as mechanical, 
optical, thermal and chemical properties (Chung, 2001). These LCPs have broad 
applications in highly value-added electronic devices and composites therefore worthy of 
numerous comprehensive research and development by both academia and industry. The 
fundamental studies of these materials are concentrated in the area of 1) synthesis (Chung, 
1986, 2001; Chung et al., 1989; Weiss and Ober, 1990), 2) characterization (Han et al., 
1994; Cheng et al., 1990; Economy et al., 1988, Economy, 1989; Mao et al., 1997), 3) 
surface energy and transesterification reaction (Muhlebach et al., 1990) and 4) LCPs 
blends (Jaffe et al., 1994). 
 
2.3.1 Chemical Modification of Liquid Crystalline Polymers 
 
Thermotropic MCLCPs are the most important class of thermotropic LCPs 
developed for structural applications and have a unique combination of properties from 
both liquid crystal and conventional thermoplastic states. This includes melt 
processibility, high mechanical properties, low moisture take-up, excellent thermal and 
chemical resistance (Chung, 2001). In the development of thermotropic MCLCPs, the 
major objective is to reduce the Tm to a melt processable temperature range, which is 
suitable for conventional processing facilities but retaining sufficient mechanical 
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properties. If the mesogens were connected together directly, it would result in a high Tm, 
where the polymers may decompose before the LC formation.  
 
From the principle of thermodynamic, it is known that the Tm of materials is 
governed by both enthalpy and entropy: 
 /mT H S= Δ Δ
where ΔH is the enthalpy change between the crystal and melt. On the other hand, ΔS is 
the corresponding entropy change and reflects the greater randomness and freedom of 
motion in the melt. A stiff chain has comparatively little additional freedom to move in 
the melt as compared to the crystal phase, and this resulted in a lower ΔS as well as 
consequently a higher Tm. Due to better intermolecular packing, rigid rod-like polymers 
have a higher Tm that possibly exceed the Td. On the other hand, a more flexible molecule 
will have a much greater ability to move in the melt and hence have higher ΔS and lower 
Tm. Thus, one possibility of reducing Tm is to tailor-make the chain to be less stiff with 
controlled amount of monomeric structure, through introducing more mobile linking 
groups and flexible spacers into the polymers’ backbone. 
 
The ‘tailor-made’ LCPs should retain sufficient mechanical properties and reduce 
the thermal transitional temperature which is suitable for conventional processing 
facilities. Some of the most frequently used methods include: 1) synthesizing by random 
copolymerization, 2) introducing crankshaft and/or kinks moieties into the polymers 
chain by using meta- or ortho-linkages, 3) incorporating flexible linkages into the 
polymer chain and 4) incorporating bulky side groups into polymer chain as lateral 
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substituents (Chung, 1986, 2001; Collyer, 1989, 1992; Weiss and Ober, 1990; 
Stegemeyer, 1994; Platé, 1993; Stegemeyer, 1994; Mantia and Magagnini, 1997; Jin and 
Kang, 1997; Chiellini et al., 1997; Demus et al., 1998; Wang and Zhou, 2004). Examples 
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Random copolymer 







Modifying to give thermotropic 
LCPs
Random copolymer Bulky 
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Table 2.1 Examples of Modifying Units 
Unit Type of Modifying Effect 
 
Basic phenyl unit  
 
Biphenyl Length variation 
 
Naphtholic Length and side step 
R  
Ring substitution Poorer crystal packing 
CH2 n  
Flexible link Length and flexibility 
     ;    
Ortho-, meta-linkage Kink 
 
 According to literature review, the first common strategy approach involved the 
random distribution of two and more monomers at the p-orientation. This incorporation 
may disrupt the longitudinal regularity of polymer main-chain and thus depress the 
transition temperatures of LCPs (Chung, 1986, 2001; Economy et al., 1972; Collyer, 
1992; Donald and Windle, 1992; Chiellini et al., 1997; Demus et al., 1998; Wang and 
Zhou, 2004). Celanese conducted a study on typical HBA and incorporated terephthalic 
acid (TA) and p,p’-biphenol (BP) into the main-chain. The random incorporation of 25% 
BP into the molecules achieved a reduction of Tm ~150°C. This is because The BP units 
produce side step and long range periodicity which impaired the crystallization. Thus, 
 20
this copolyester system has a much lower melting point than the homopolymers. The 
systems based on the benzoic ester molecules and modified by BP units form the basis of 











 2  
HBA   TPA BP 
  
 The second type of disrupter is to incorporate a parallel offset unit into the polymer 
chain. The incorporation of ortho-, meta-linked, crankshaft structure and 2,5 substituted 
thiophene derivatives into the polymer backbone can counteract the linearity and 
regularity of main-chain (Calundann, 1972, 1979; Chung, 1986, 2001; Collyer, 1992; 
Donald and Windle, 1992; Jin and Kang, 1997; Chiellini et al., 1997; Demus et al., 1998; 
Wang and Zhou, 2004). An important thermotropic system was based on random 
copolymers of HBA and 2,6-hydroxynaphthoic (HNA) with crankshaft structure 
(Calundann, 1979). It was first commercialized in 1985 as the Vectra® series of moldable 
polymers. The influence of randomly positioned naphthoic units in polymer backbone is 
mainly due to their side step associated unit and greater length as compared to benzoic 
units. Moreover, polyesters based on HBA modified by random copolymerization with 
isotropic acid (IA, meta-linkage) and hydroquinone (HQ), are another typical example for 
kinked modification. Although this is the most effective way to control the processing 
temperature, a problem exists where high content of these monomers have unfavorable 
























HBA     HQ    IA 
 
 Another approach of disrupter is based on the modification of flexible segments to 
separate the rigid mesogenic unit along polymer backbone (Chung, 1986, 2001; Collyer, 
1992; Donald and Windle, 1992; Stegemeyer, 1994; Chiellini et al., 1997; Demus et al., 
1998; Wang and Zhou, 2004). The use of aliphatic monomers to produce segmented 
LCPs leads to a dramatic reduction of Tm, enhanced molecular motion and increased 
chain flexibility. These polymer systems are usually referred to semi-rigid or semi-
flexible LCPs. The transition temperatures are highly dependent on the length of flexible 
segment and a longer flexible length generally leads to a decrease in Tm. With respect to 
segmentation, LCPs incorporated with relatively small concentrations of aliphatic 
comonomers possess a higher degree of aromaticity, better processability and improve 
mechanical properties. Furthermore, odd and even alternation of flexible segments also 
have different degrees of reduction rate. The even alternation usually exhibits a higher Tm 
than those having odd segment. An example of liquid crystalline polyester with methyl 
flexible spacer, -(CH2)n-, is shown in Figure 2.6 below. An even number of alternation 
allows a linear molecular shape while an uneven number of alternations induce strong 
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bending. From this approach, it is clearly shown that aliphatic flexible spacer is one of 
the most promising ways to reduce Tm, although the efficiency is highly dependent on the 













Figure 2.6 Plot of Tm (·) and TLC-I (o) against the number of -(CH2)- unit in liquid 
crystalline polyester 
 
The last type of disrupter is to introduce lateral substituents to p-oriented 
monomers which will lead to an increase in the intermolecular distance and hence to a 
reduction of interchain interaction (Chung, 1986, 2001; Donald and Windle, 1992; 
Stegemeyer, 1994; Chiellini et al., 1997; Demus et al., 1998; Wang and Zhou, 2004). The 
substituents such as halogens (F, Cl, Br and I), -CH3, -OCH3 and phenyl or n-alkyl 
groups may be introduced into the mesogenic units. Several studies have investigated the 
effect of lateral substituents on LCPs formation and the transition temperatures are shown 
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to decrease by adding lateral substituents while retaining the polymer liquid crystallinity 
(Jackson, 1984; Krigbaum et al., 1985; Jin et al., 1987; Vijayanathan et al., 2001). 
Among the studies, a typical research on phenyl-substituted was conducted by 
Vijayanathan et al. (2001). They found that the phenyl-substituted LCPs can reduce the 
transition temperature and increase the stability for LC formation. However, a 
contradictory point of view was given by Jackson (1984), who reported that the geometry 
of polymer backbone was disrupted by phenyl-substituted moiety and resulted in the 
abatement of liquid crystallinity. Based on the above two studies, it is clearly shown that 
the effects of incorporation are highly dependent on the interchain distance and 
intermolecular force in that particular study.      
 
According to the above study, a combination of random polymerization with 
nonmesogenic units, lateral substituted, flexible segment and kinks structure would be 
able to reduce the transition temperatures dramatically as compared to a particular 
method (Donald and Windle, 1992; Collyer, 1992; Demus et al., 1998; Fornasieri, 2003). 
From the structural modification point of view, the transition temperatures can be altered 
by tailor-making the backbone rigidity and introducing a suitable linkage between 
mesogenic units. Therefore, an ideal structural architecture is to combine the above 
methods with random distribution or even multiple combinations of these strategies to 
discover novel LCPs. In addition, although many researches have been conducted to 
investigate and understand the structure-properties relationship of newly synthesized 
LCPs, a complete understanding of the trend of multiple combinations using the above 
four methods is still limited.  
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2.3.2 Steric Theory of Liquid Crystals Polymers  
 
In the theoretical studies of LCPs, two of the important modelling works were 
done by Onsager (1949) and Flory (1956). In the simplest form, the steric theoretical 
models of liquid crystalline molecules can be represented by hard rods of appropriate 
size. Onsager and Ishihara (1951) were the first to approach the excluded volume 
problem for pairs of asymmetric molecules. However, their methods are comparatively 
complex. Later, in 1956, Flory introduced his lattice method and this has proved to be the 
most tractable steric theories for LC study. Based on statistical thermodynamics, he 
described the relationship between the critical volume faction (vp*) for incipience of 
metastable order and the axis ratio (x) by following equation: 
 
* 8 21pv x x
⎛ ⎞= −⎜ ⎟⎝ ⎠
 
Thus, the predicted minimum axial ratio necessary for rigid-rod molecules to form a 
thermotropic LCPs is x = 6.4 (Flory and Ronca, 1979).  
 
In addition, the effective rigid length molecules can be well described by 
persistence length (q) which is obtained by either light scattering or small angle X-ray 
scattering (SAXS). Usually, the persistence ratio (q/d, persistence length/diameter) is 
widely used in molecular design of new liquid crystalline materials and predicted the 
polymer liquid crystallinity. The persistence ratios for various polymers are summarized 
in Table 2.2 (Donald, 1992).  Based on Flory’s steric theory, it is predicted that only 
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hydroxypropyl cellulose, poly(γ-benzyl-L-glutamate) and poly(p-benzamide) with q/d 
values greater than 6.4 can form stable LC phase. 
 
Table 2.2 Persistence length and persistence ratio in various polymers 
Polymer Persistence Length, q (nm) Persistence ratio, q/d 
Polyisoprene 0.76 1.5 
Poly(vinyl acetate) 0.95 1.4 
Poly(vinyl bromide) 1.25 2.2 
Cellulose Nitrate 2.20 4.0 
Poly(tetrafluoro ethylene) 2.23 4.5 
Hydroxypropyl Cellulose 8.50 19 
Poly(γ-benzyl-L-glutamate) 20.0 16 
Poly(p-benzamide) 40.0 80 
 
2.4 THIN FILM POLYMERIZATION OF LIQUID CRYSTALLINE 
POLYMERS 
 
 As the polarizing microscope is the essential piece of equipment for our research 
study, it will briefly be introduced. Optical microscope with a crossed polarizer is utilized 
to identify the appearance of mesophases as well as transitions between various liquid 
crystalline, crystalline and isotropic phases. Geil and his co-workers (Rybnikar et al., 
1994a, 1994b, 1994c; Liu et al., 1992, 1996) are the pioneers who employed thin film 
polymerization technique to investigate the microstructure of LCPs during synthesis. 
They sandwiched the monomers between two glass slides, which were wrapped with 
 26
aluminum foil before placing it on a hot plate to enable the thin film polymerization 
reaction. In their studies, a series of aromatic polymers were chosen, poly(p-oxybenzoate) 
(Rybnikar et al., 1994a, b), poly(2,6-oxynaphthoate) (Liu et al., 1992), poly(meta-
oxybenzoate/2,6-oxynaphthoate) (Rybnikar et al., 1994c) and poly(p-oxybenzoate/2,6-
oxynaphthoate) (Liu et al., 1996). The morphological changes of the polymers were 
studied by optical microscope, transmission electron microscope (TEM) and electron 
diffraction. Subsequently, Chung and Cheng (Cheng et al., 1999a, 1999b; Cheng and 
Chung, 1999, 2000; Chung and Cheng, 2000) developed the 2nd generation thin film 
polymerization technique by conducting a reaction on a PLM with a novel sample 
assembly. The fundamentals of LC texture formation & evolution and crystallization 
during the polymerization can be easily observed in-situ under a PLM.  
 
During the process of synthesizing a new LC material, most monomer does not 
exhibit liquid crystallinity (Chung 1986, 2001; Weiss and Ober, 1990; Collyer, 1992; 
Mantia and Magagnini, 1997), yet thin film polymerization under PLM is a convenient 
way to investigate in-situ the morphological change during polymerization by 
experimental approach. The successful development of this technology yielded a quick 
and convenient method to solve the important issues in LCPs area, such as: 1) to optimize 
the synthesis conditions, 2) to investigate the formation of liquid crystallinity, 3) to 
synthesize new LCPs, 4) to characterize the texture & defect structure and 5) to evaluate 
new catalysts and suitable substrate for polymerization. In addition, thin film 
polymerization consumes extremely small amounts of monomers during the initial 
experimental study and the time required from polymerization is lower than bulk 
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polymerization. The reaction temperature can also be accurately controlled during 
heating stage while the phase transition behaviors in DSC are simultaneously monitored 
and compared. Moreover, the X-ray diffraction (XRD) can be employed together with 
PLM and DSC for actual structural evolution which is used to determine the phase type 
(nematic, cholesteric smectic, isotropic and crystalline texture). 
 
2.5 CLASSIFICATION OF LIQUID CRYSTAL AND LIQUID 
CRYSTALLINE POLYMERS 
 
 According to the level of order, LC and LCPs can essentially be classified into 
three types: nematic, smectic and cholesteric phases (Gray and Winsor, 1974; Baumgärtel 
et al., 1994; Dierking, 2003). The degree of orientation order and the specific type of 
order depend on the chemical structure, molecular arrangement and external factors such 
as temperature, pressure and force fields. Therefore, a system may exhibit polymorphism 
with different liquid crystalline phases. Normally, polymer will go through multiple first-
order transition from a more ordered to a less ordered state with increasing reaction 
temperature. A phase transition diagram for LCPs is illustrated in Figure 2.7 (Sperling, 
1986).  As the temperature rises, crystalline or semi-crystalline polymer will melt to 
smectic mesophase, follow by nematic/cholesteric and finally become isotropic 
melt/solution. In reality, not many polymers go through the LC phase and each LC 
transitions. Most of the LCPs may exhibit only one or two transitions.  
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 Figure 2.7 Phase transition diagram of various first-order transitions in LCPs 
 
2.5.1 Nematic Phase 
 
The nematic phase is the simplest and the most common mesophase observed in 
LCPs. The term “nematic” has its origins in Greek word meaning “thread” which 
describes the appearance of this mesomorphic phase. In the nematic phase, the particles 
have an overall direction of orientation but the positions of the individual particles are 
still random (Figure 2.8). In fact, the nematic order is not perfect and there can be 
considerable fluctuation about the director. This average molecule orientation is 
described by a unit vector called the director, which is denoted by n. It is a rather special 
vector as its sign is generally of no importance; n = -n. This reflects the fact that turning 
the director 180° is a symmetry operation. The simple rod-like model of nematic phase 
was established for small molecules, but it can be extended to rigid LCPs and semi-rigid 
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LCPs systems, as demonstrated in Figure 2.9. Based on theoretical and experimental 
observation, the degree of alignment in the nematic phase tends to improve when 
increasing the stiffness of polymeric molecules (Noel et al., 1984).  
                            
Figure 2.8 Schematic representation of liquid crystalline molecules aligned in the nematic 
phase 
 (a) (b) (c) 
Figure 2.9 Schematic diagram of nematic organization of molecules: (a) small-molecule 
liquid crystal, (b) liquid crystalline polymer with rigid chain and (c) liquid crystalline 




Another type of nematic phase is biaxial nematic (Figure 2.10). In these polymers, 
chain molecules with anisotropic cross sections are organized in this phase so that the 
long range orientational order exits about all three orthogonal axes. In other words, rigid 
rod-like molecules are laid with their chain axis parallel and the lateral correlations are 
also formed about these axes.  
                        
Figure 2.10 Schematic representation of biaxial nematic phase with local orientational 
order about all three axes 
 
Polymer nematic melt is a polydomain system as shown in Figure 2.11. Generally, 
for each domain texture, the rigid rod-like molecules are aligned and indicated the 
director alignment with a high symmetry of orientation distribution. These molecules are 
attributed to the local director, n. Then, the local orientated domains are aligned to 
present the global director orientation, N, of LCPs. Each domain has an internal structure 
with a more or less uniform orientation bounded by region and the molecular director 
undergoes uniform reorientation from one domain to the others (Donald and Windle, 
1992). The overall orientation in a particular system should be equal to zero, which is in 
the most stable stage.  
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 Figure 2.11 Polydomain structure in liquid crystalline polymers 
 
The nematic phase can be easily characterized by XRD with a diffuse peak 
around 20°, which roughly represents the average distance between the molecules (Figure 
2.12). However, it is hard to distinguish a nematic phase from an isotropic melt or an 
amorphous solid through XRD. Through the anisotropy nature in nematic phase, PLM is 
enabling to employ on characterization (liquid crystalline texture) study. It is an easy and 
useful method to identify the nematic phase. 
 
 
Figure 2.12 A typical X-ray Diffraction Patterns in the nematic phase 
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2.5.2 Cholesteric Phase 
 
Typical molecular structure of cholesteric state is illustrated in Figure 2.13. The 
designation “cholesteric” is derived from the fact that this phase type was first observed 
in derivatives of cholesterol. A cholesteric order is similar to a nematic order in nature on 
the local scale, but in a certain direction the director twists about an axis normal to the 
molecular director, which follow a helix of a given pitch. The twist in cholesteric arises 
spontaneously and is a result of the chiral character of mesogenic molecules.  These 
twists may be right-handed or left-handed, highly dependent on the molecular 
conformation. Cholesteric behavior can be induced in the nematic LCPs by addition of 
small amount of chiral compound (Donald and Windle, 1992). A direct approach is 
adding chiral elements into the polymer chains through random copolymerization.  
 
 






2.5.3 Smectic Phase 
 
Smectic liquid crystalline phase are named because their basic layer structure give 
them a soapy feel, which is described by the Greek word “smegma”. There are several 
variants of smectic and they have been characterized based on their order and symmetry. 
In smectic phase, the rod-shaped molecules form a set of parallel planes of regular 
spacing. Within a given plane of smectic LC, the order is liquid-like and has no long 
range positional correlation. The two most common variants of smectic phases are 
smectic A and smectic C (Figure 2.14). Smectic A phase is the least ordered of all 
smectic phases and the director lies along the layer normal. While in smectic C, the 
director of each is inclined at an angle ω to the layer normal, this angle being identical for 
all layers. Contrary to the smectic A and C phase, the rest of the smectic phase show 
some positional order within the layer, depending on the phase type. There are several 
possibilities for smectic phase in the case of tilted structures, depending on the direction 
of the tilted and the positional ordering: smectic I, F, G, J and M phase (Gray and Winsor, 
1974; Baumgärtel et al., 1994). All smectics phase have a common feature, that is they 
exhibit layered structures, which can be easily identified by XRD at low angle, 2θ below 
10°. The typical XRD for smectic C is demonstrated in Figure 2.15. 
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Figure 2.14 Schematic representations of liquid crystalline molecules aligned in              











2.6 DISTORTIONS, DISCLINATION AND DEFECTS IN LIQUID 
CRYSTALLINE POLYMERS 
2.6.1 Distortions in Liquid Crystalline Polymers   
 
Since the nematic phase is the simplest LC state, the basic theoretical ideas have 
been produced for nematic LC. A nematic state is basically characterized by long-range 
orientational order along the molecular axes. The rod-like molecules are aligned along 
common direction labeled as unit vector, n. The efficiency of molecular orientation along 
the director can be quantitatively expressed by the order parameter, S, as shown below: 
23cos 1 / 2S θ= − 
where θ is the angle between the individual long molecular axis and the director. The 
value S = 0 corresponds to completely unoriented molecular species, S = 1 for perfect 
unidirectional orientation and S = -0.5 for perfect alignment perpendicular to the 
orientation direction. In the nematic phase, S is a value between 0 and 1 and these values 
are temperature dependent (Luckhurst, 1979). However, in most practical circumstances, 
this ideal conformation is not compatible with the constraints imposed by the walls of the 
container or influenced by the external fields such as electric and magnetic fields. 
 
On the other hand, when the directors vary continuously over a particular sample 
(i.e. polydomain nematic melt) involved in calculation, a continuum theory based on free 
energy minimization is applied to specify the distortion involved.  For static distortion, 
three elastic distortions, K1, K2, and K3, which apply to splay, twist and bend, 
respectively, are also known as the Frank constants (Chandrasekhar, 1992). These three 
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types of orientational distortion are demonstrated in Figure 2.16.  Distortions can be 
described in term of deviations in the director n: for splay, div n is different than zero; for 
twist, curl n is parallel to n; for bend, curl n is perpendicular to n. 
 
In a general distortion, the total energy density of liquid crystal is the sum of spay, 




Stress K strain= 
 
Assuming the forces between molecules of are short range and the long range 
effects are eliminated, the free energy per unit volume (in vector notation) can be 
deduced as (Gray and Winsor; 1974; de Gennes and Prost, 1993): 
                                                 ( ) ( ) ( )2 21 2 31 1 1n n n n2 2 2dF K div K curl K curl= + ⋅ + ×
2n
 
All three constants must be positive, or else the orientation will not yield a minimum 
energy. For small molecules nematic LC, it is generally found that twist distortion has the 







Figure 2.16 Schematic representation of distortion in liquid crystalline phase: (a) splay, 
(b) twist and (c) bend 
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However, for LCPs, it has been found that the elastic contacts were also 
dependent on molecular weights and molecular structures. de Gennes (1977) was first to 
report that splay distortion was dubious in long rigid-rod system. Subsequently, bend 
distortion was also found that hampered in long-rigid rods due to the steric hindrance. 
Nevertheless, segregation of chain ends with reasonable dense packing and without 
overlapping were essential requirement for splay distortion. To date, information 
obtained on the numerical value of the elastic constants in LCPs is still limited. The 
conventional methods developed for small molecule systems, which are based on 
distortion of orientation filed by an external field, are not applicable to polymer systems 
(Meyer, 1985).  
 
2.6.2. Disclinations and Defects in Liquid Crystalline Polymers 
 
In the continuum theory, the director has been assumed to vary smoothly and 
continuously throughout the sample. However, in practice, singularities in the director 
vector do not exist. This discontinuity in the orientation is identified as disclination, it 
may be either point or line defects. Under the polarizing microscope, a typical example of 
disclination observed is schlieren texture. The schlieren texture normally exhibited 
characteristic sets of a stationary point singularity from curved and dark brushes, as can 
easily be seen in Figure 2.17. This texture also corresponded to the extinction position of 
a mesophase.  
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The distortion filed around a disclination is usually defined by two parameters: θ 
and Φ. These parameters are shown in Figure 2.18 (a) where Φ corresponds to the 
angular coordinate of a give point with respect to disclination core, while θ represents the 
angle between the local director axes at a point where Φ = 0 axis.  The θ can be related as 
shown below when the free energy of distortion for a situation where all elastic constants 
are equal: 
 S cθ = Φ +
where c is a constant and S is the strength of disclination. From the polarizing microscope 
observation, four positions of extinction occur (per 2π rotation of the directors) as the 
number of brushes (extinction lines) divided by 4. Thus the strength of the disclination, S, 
can be calculated from the number of dark brushes meeting at one point and defined as 
below: 




 Figure 2.18 (a) Identification of the angle θ and Φ for describing a disclination (b)-(g) 
schematic representations of the molecular arrangement at disclinations with different 
values of S and C 
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From the study of behavior of the brushes as rotate by the polarizers, the director 
filed can be mapped out and the type of disclination would be identified. The sign of S is 
positive when the brushes turn in the same direction as the rotated polarizer and negative 
when they turn in the opposite direction. When rotating the crossed polarizers, the 
rotation angle of the brushes is the same as the rotation angle of polarizers for the 
disclination with S = ±1 and is twice the rotation angle of polarizers for the disclination 
with S = ±1/2. In other words, if a complete circuit is made around a nucleus of |S| = 1 (an 
integral one), the direction of the optical axis is rotated by 2π. In contrast, for |S| = ½ 
(half-integral of one), a similar circuit yields a total director rotation of π (Gray and 
Winsor; 1974; Kelker and Hatz; 1980; Chandrasekhar, 1992; Baumgärtel et al.; 1994). 
The molecular arrangement around disclinations strengths of S = + ½ and + 1 is 
illustrated in Figure 2.18 (b)-(g). For small molecule LC, the disclination is |S|≤1, 
however, |S| large than 1 was also found in some LCPs (Zhou el al, 1993; Song et al, 
1993; Witteler et al., 1993; Qian et al., 1995) 
 
 In nematic phase, the disclinations with both integral and half-integral strengths 
could be formed, while for smectic phase only the disclinations with integral strength 
could form. Thus, a nematic phase is indicated by a mixture of two and four point 
disclinations, however, a smectic phase exhibited only four point disclination. Moreover, 
the structure of defects may be indicated by the director distribution for two cases of 
nematic disclinations (Figure 2.19). The frequent existence of defect lines and the 
occurrence of dark schlieren prove that the nematic medium in ordinary preparations is 
usually highly distorted. The distortion needs additional energy, but it will be stabilized 
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by interaction with walls or duct particles. Normally, disclinations are like the dislocation 
in crystalline solids, where domains of differing orientation meet. The disclination caused 
distortion of the director field of polymer chains and give rise to an excess free energy of 
LC materials (Hashimoto et al., 1989). 
 
 
(a) (b)  
Figure 2.19 Schematic representations of defects structure in nematic phases: (a) π 
disclination and (b) π/2 disclination. The orientation of the director is indicated by lines 
 
2.7 LIQUID CRYSTALLINE POLYESTERS AND POLY(ESTER-AMIDE)S & 
FLUORINATED LIQUID CRYSTALLINE POLYMERS 
2.7.1 Synthesis of Thermotropic Main-Chain Liquid Crystalline Polymers 
 
Most of the thermotropic LCPs are aromatic polyesters and some are terpolymers 
(East et al., 1982). Polyester and poly(ester-amide)s are two important series of 
thermotropic MCLCPs, but poly(ester-amide)s may show higher thermal stability than 
the polyesters. In most cases, these two classes of aromatic MCLCPs are synthesized 
though polycondensation reaction (Chung, 1986). With the intention of enhancing the 
efficiency of polycondensation, monomers are frequently acetylated before 
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polymerization by acetic anhydride in a suitable catalyst. The synthesis procedure for 
liquid crystalline polyesters would be presented as an example. The polymerization is 
frequently conducted under nitrogen atmosphere in order to reduce the oxidation process. 
Firstly, transesterification reactions start with acetylated aryl diols and phenyl ester of 
diacids at comparative high temperature, which is normally higher that the monomers 
melting temperature. Next, when low melt viscosity oligomers are obtained, vacuum is 
applied to remove the by-product (acetic acid) from the LC melt. A stainless steel stirrer 
is preferred to improve the mixing and accelerate the evolution of acetic acid so as to 
increase the diffusion process. Lastly, a multi-step change in temperature profile is 
employed to assist the molecular weight enhancement. In addition, the reaction can be 
carried out with or without the presence of catalyst, such as potassium acetate or 
anhydrous sodium. Nevertheless, the drawbacks of catalyst are the poor color and thermal 
stability of the final products.  
 
2.7.2 Liquid Crystalline Polyesters and Poly(ester-amide)s 
 
The initial work on research and development of liquid crystalline polyesters can 
be drawn back to the early 1970’s when researchers began to investigate rod-like 
polyesters with the aim of synthesizing materials that exhibit liquid crystalline behavior 
in the melt. This property was desirable to overcome the solution processing in sulfuric 
acid that was required for aromatic polyamide (Kevlar®) and heterocyclic polymers.  
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The first observation of liquid crystalline melt in polyesters to be injection molded 
or melt spun fibers was made by Eastman Kodak (Kuhfuss and Jackson, 1973, 1974; 
Jackson and Kuhfuss, 1976). The synthesis work begun in 1971 and was first reported as 
liquid crystalline material in 1974. Jackson and his co-workers successfully synthesized a 
copolyesters based on the copolymers concept of poly(ethylene terephthalate) (PET) and 
HBA in various ratio. The most striking result was exhibited by a copolymer containing 
60 mol% HBA which had significant increase in tensile strength and flexural modulus. 
This polyester fibers represents the first example of a high strength unreinforced 
engineering plastics. In the same year, Carborundum’s TA/BP/HBA copolyesters was 
reported to be an injection moldable LCPs by Economy and his co-coworker (Cottis et 
al., 1972; Cottis, 1974; Volksen el al. 1983). Later, a new class of TA/BP/HBA fibers 
containing added IA (meta-linkage) to enhance melt-processable to permit melt spinning, 
was the reported LCPs to be heat-treated in order to obtain high tensile properties (Cottis 
el al., 1976).    
 
These works simulated an intense effort to establish and generate completely rod-
like thermotropic polyester with even better fiber properties but lower thermal transitions, 
which lower the melting temperature to ~300°C (Stegemeyer, 1994). The major 
shortcoming for thermotropic liquid crystalline polyester is the high melting temperature 
when the mesogens are directly connected together. In this case, the polymers may 
decompose before the mesophase formation. In order to overcome this matter, further 
development focused on molecular structural modification that improves understanding 
of the structure/properties relationship of all aromatic LCPs. Firstly, a significant effort 
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was realized by placing bulky substituents on the phenyl ring of the HQ monomers. In 
1975, various Du Pont LCPs prepared with HQ-substituted monomers were disclosed 
(Kleinschuster et al., 1975, 1976; Pletcher, 1976; Schaefgen, 1978). The use of 
asymmetrically HQ moieties, such as phenyl-, t-butyl-, chloro- bromo-, methyl-, dimetyl-
HQ moieties, was employed to prepare melt processible polyesters.  Subsequently, In the 
early 1978, the first Celenese LCPs based on 2,6-orintated naphthalene monomer were 
disclosed (Calundann, 1979). Introduction of 2,6-naphthalene monomer into the 
copolyesters systems does not disrupt the parallelism of the backbone but rather creates a 
“linear offset”. When combined with other comonomers, such as TA and HQ, the liquid 
crystalline transition temperature can be reduced to as low as 240-260°C.  
 
Other attempt to disrupt the chain regularity and lower thermotropic transition 
temperature is by using various kink monomers (Cottis et al, 1972; Schaefgen, 1978; 
Jackson, 1980; Griffin and Cox, 1980). Griffin and Cox (1980) conducted a systematic 
study of replacing para-linkage with various kinks monomers. The ‘ascending order’ of 
disruptiveness toward the isotropic state is summarized as below:  
para < meta < ortho < 4,4’-sulfonydiphenol < bisphenol A 
 
Lastly, introducing flexible spacers to separate the rigid mesogenic unit along 
polymer backbone is another means of reducing the transition temperatures and exposing 
the thermotropic mesophase in a convenient temperature range (Dicke and Lenz, 1983; 
Keller et al., 1985). The transition temperatures are highly dependent on the length of 
flexible segment and a longer flexible length generally leads to a decrease in Tm.  
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Subsequently, extensive structural modification on LC-polyesters has been 
reported elsewhere. Many researchers have reported their studies on introducing lateral 
substituents (Krigbaum et al., 1985; Jin et al., 1987; Cheng, et al., 1990; Roetz et al., 
1993; Ishikawa et al., 1997; Yang et al., 2001; Amaranatha and Sadashiva, 2003), 
flexible spacers (Ober et al., 1984; Rojstaczer and Stein, 1990; Hudson et al., 1993; 
Kwon and Chung, 1994; Chang and Han, 1997; Yang and Jian, 2002) and 
kinks/crankshaft monomers (Deex, 1984; Navarro, 1991; Liu and Lee, 1994; Kumar and 
Ramakrishnan, 1996; Cheng and Chung, 2000; He et al., 2001; Yerlikaya et al. 2003; 
Georgiev et al., 2004). 
 
On the other hand, LC poly(ester-amide)s are a class of thermotropic LCPs that 
has not received as much interest as polyesters, probably due to the fact that the transition 
temperature for these materials are usually higher than polyesters. The earliest study on 
poly(ester-amide)s was conducted by Celanese based on 6-hydroxy-2-naphthoic acid 
(East el al., 1982) and additional work on p-acetamidobenzoic acid-modified PET 
(Jackson and Kuhfuss, 1980). The modification applied to lower transition temperatures 
in these polymers followed the same cause as the polyesters, which disrupts interchain 
correlations. The research studies on poly(ester-amide)s have been published elsewhere  
(Aharoni, 1988; Gonzalez et al., 1990; Murthy and Aharoni 1992; Kyotani et al., 1994; 
Sun and Chang, 1995; Chung et al., 1999; Sudha and Pillai, 2002; Sandhya et al., 2004). 
 
 Generally, the research and development of thermotropic liquid crystalline 
polyesters and poly(ester-amide) have been conducted for more than 50 years. Thus, the 
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above discussions only focused on development and highlighted some of the most 
important studies. The detail background on the LCPs structural modification for our 
study will be presented in the Introduction of Chapter 4-7, respectively. Lastly, the 
outstanding properties of thermotropic aromatic LC-polyesters can be summarized as 
below: 
 
- Exceptional inherent stiffness 
- Outstanding chemical resistance 
- Excellent melt flow properties 
- High heat deformation resistance 
- Low adjustable coefficient of thermal expansion 
- Inherent flame retardance 
- Low notch sensitivity 
- Low dielectric constant 
- Excellent corrosion resistance 
- Insolubility (inertness) in common solvent  
- Excellent mechanical properties in the direction of flow 
 
2.7.3 Fluorinated Liquid Crystalline Polymers 
 
In general, fluorine is used in materials with the intention to provide particular 
properties as to the hydrocarbon homologues. The replacement of one or several 
hydrogen atoms by fluorine will lead to unusual and peculiar properties in materials. 
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These unique properties may allow their use as good precursor in industry as surface 
coating, fire retardants, biomedicine, membrane, elastomer, electric and electronic 
materials.  
 
Due to the high energy of C-F bond (the highest among carbon-halogen bonds), 
fluorinated substitution and segments have received great attention in the application of 
nematic thin film technology display (Matsumoto et al., 1989; Demus el al., 1995) The 
perfluorinated moieties, which show a strong trend to segregation from alkyls and non-
fluorinated core (Janulis et al., 1988, Hiyama, 2000), have been used for designing 
ferroelectric materials. In addition, the fluorine content can lower the dielectric constant 
and is widely applied in electrical and electronic fields (Jaffe et al., 1992). Other than the 
applications stated above, the few special roles of fluorine atoms on polymer liquid 
crystallinity are: 
 
1. Fluorine is similar to hydrogen in size but induces a larger dipole, so the fluorine-
containing LC can reduce polymers’ viscosity yet retain the liquid crystllinity. 
2. Large fluorine-fluorine repulsions in the backbone has been proven to decrease 
the phase transition temperature of thermotropic LCPs and generally leads to the 
transition from the isotropic to nematic stage (Ueda et al., 1992) 
3. Fluorine atom has a much higher atomic weight, but only 10% larger in van der 
Waals radius than hydrogen atom (Hiyama, 2000). Thus, the packing density of 
fluorocarbon segment exceeds by far than that of the hydrocarbon segment.  
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4. Perfluorinated species are chemically stable and possess low viscosity which 
propose stability in the resulting mesomorphic phases 
5. Perfluorinated benzene derivatives can be virtually immiscible with ordinary LC 
materials  
 
To conclude, as compared to the conventional LCPs, fluorinated LCPs with 
fluorine’s unique properties: small size, large electronegativity, large dipole moment and 
low polarizability, can retain liquid crystallinity with much reduced viscosity. Due to the 
excellent properties of fluorinated LCPs, our research attempted to investigate the effects 
of perfluorinated spacers (Chapter 4) and tetrafluorobenzene with kink-linkages (Chapter 
5-7) into liquid crystalline polyesters and poly(ester-amide)s.  
 
2.8 APPLICATION OF LIQUID CRYSTALLINE POLYMERS IN LATE 20 
AND 21 CENTURY 
 
LCPs represent one of the most exciting developments in today’s market. A 
number of LCPs such as polyester, copolyesters, poly(ester-imide)s, polyether, 
copolyether, poly(amide-ester), polyazomethine, polycarbonate and polyurethane have 
been investigated. Academic interest has been largely focused on characterizing these 
systems and understanding their structure-property relationships, while company interest 
has concentrated on LCPs’ that have superior properties in commercial products.   
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Applications of LCPs range from high performance engineering plastics to 
functional materials. Generally, LCPs can be blended to high performance engineering 
resins, fibers and composites. The high tensile properties, lightweight, high impact 
properties and excellent chemical resistance in LCPs are the primary driving force in the 
military and aerospace and automotive industry (Chung et al., 1989). Moreover, LCPs are 
being used commonly in the electric, electronic, optoelectronic and fiber-optic 
application areas, because of their high mechanical properties, outstanding dielectric 
strength, high heat resistance, excellent dimensional stability, flame retardance 
characteristic, excellent solvent resistance and ease of processability (Chung et al., 1989; 
Negi and Goyal, 2003). 
 
In the earliest state of display application, the display device using twisted 
nematic (TN) LC was applied to display on watches, calculator and game machines. Then, 
super twisted nematic (STN) and thin film transistor (TFT) mode were invented and used 
to commercialize even larger size and colour display. The TFT-LCD applied in Notebook 
computer, personal digital assistants (PDA) and LCD-TV (television) are some of the 
main applications (Hiyama, 2000; Takatoh et al. 2000).  
 
 
Due to the superior mechanical, electrical, thermal and chemical properties of 
LCPs, it is attractive for applications in electric-electronic, computers, defense, 
automotive, and medical industries. Generally, the applications of LCPs can be 
summarized in next page: 
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1. LCD and optoelectronics devices - portable personal computers, mobile 
telephones, PDA, household equipments and electronic toys.   
2. Computers/data transmission equipment - disk-drive head assemblies, printed 
circuit board, LCD-driver circuits, and flex connectors for routers, switches, 
and servers 
3. Automotive - engine control modules, collision avoidance systems, under-
hood controls, brackets in aerospace 
4. Medical - hearing aids, pacemakers and other medical instruments 
5. Military and aerospace - ballistic garments (protective gloves and clothing), 
smart weapons, satellites, radar systems, night vision systems,  
 
Future progress field of LCPs’ molecular design is to synthesize LCPs which have 
appropriate set of properties in view of the different possible application. In addition, by 
controlling the various molecular orientations, LCPs have the potential to expand their 
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The main monomers used in this study were 2,6-acetoxynapthoic acid (ANA),  p-
acetoxybenzoic acid (ABA), acetoxy acetanilide (AAA), maleic hydrazine (MH) and 
hydroquinone (HQ). A series of perfluoroalkyl dicarboxylic acids with different lengths 
of fluorinated aliphatic segments and series of kinked tetrafluorobenzene moieties were 
employed to examine the influence of monomer structure on the mesophase formation. 
The perfluoroalkyl dicarboxylic acids are tetrafluorosuccinic acid (TFSA, n = 2), 
hexafluoroglutaric acid (HFGA, n = 3), perfluorosuberic acid (PFSUA, n = 6) and 
perfluorosebacic acid (PFSEA, n = 8), while tetrafluoro dicarboxylic acids are 
tetrafluorophthalic acid (TFPA, ortho), tetrafluoroisophthalic acid (TFIA, meta), and 
tetrafluoroterephthalic acid (TFTA, para), respectively.  
 
ANA and ABA were synthesized by acetylating HNA and HBA, respectively, 
with acetic anhydride in the presence of the catalyst, pyridine (Rybnikar et al., 1994c; 
Cheng et al., 1999a). The monomer, ANA was purified through methanol under a 
recrystallization process, whereas ABA was purified by a recrystallization process in 
butyl acetate. Both HNA and HBA were kindly provided by Ueno Fine Chemicals 
Industry, Japan. On the other hand, AAA was also acetylated by p-aminophenol with 
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 acetic anhydride in a NaOH solution at low temperatures and recrystallized from (50/50 
volume) methanol/hexane (Cheng et al., 1999b). The melting points were measured by 
DSC (Perkin-Elmer DSC Pyris 1). The success of acetylation was confirmed by 1H-
spectra. 
 
The remained monomers, MH, HQ, TFSA, HFGA, PFSUA, PFSEA, TFPA, 
TFIA and TFTA, are commercially available, purchased from Aldrich, and used as 
received. The melting points for above monomers were measured by differential scanning 
calorimetry (Perkin-Elmer DSC Pyris 1). The monomers selected for this study and their 
melting points are shown in Figure 4.1. 
 
3.2 REACTION SYSTEMS FOR THIN FILM POLYMERIZATION 
 
The following series of reaction systems were employed in our study to examine 
and evaluate the relationship between monomer moiety and polyesters and poly(ester-
amide)s thin films’ liquid crystallinity:   
1) ANA/AAA/TFSA (n = 2) and ANA/AAA/PFSUA (n = 6): 70/15/15 molar ratio. 
ANA/AAA/HFGA (n = 3): 70/15/15; 30/60/10; 30/35/35; 30/10/60 molar ratios. 
ANA/AAA/PFSEA (n = 8): 70/15/15; 40/50/10; 40/30/30; 40/10/50 molar ratios. 
2) ABA/AAA/TFTA and ABA/AAA/TFIA at a molar ratio of 70/15/15; whereas 
ABA/AAA/TFPA at 70/15/15; 45/27.5/27.5; 40/30/30 and 30/35/35 molar ratios. 
3) ABA/MH/TFTA and ABA/HQ/TFTA systems at a molar ratio of 70/15/15. 










































































































   
Figure 3.1 The monomers used in the thin film polymerization and their melting points 
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 3.3 THIM FLIM POLYMERIZATION 
 
The sample preparation began with the physical mixing of the monomers and 
grinding them together according to a specific molar ratio to obtain a homogenous 
mixture. Then, the monomer mixture was centrally placed on a microscopy cover slide. 
One drop of acetone was placed on the slide to dissolve the monomers. After the solvent 
evaporated, it left a thin layer of monomer mixture coating on the glass slide. Next, the 
thin film layer was sandwiched between two glass slides using a 0.5mm stainless steel 
ring spacer while the reactants were placed on the top cover slide.  
 
The specimen was placed on the heating stage (Linkam THMS-600) of a 
polarizing light microscopy (Olympus BX50). The temperature was raised from 
90°C/min to the desired temperature and the time measurement was started once the 
desired temperature was reached. The sample was held at the desired temperature for two 
hours. The temperature of the top slide was calibrated by testing the melting points of the 
pure monomers and further measuring with a thermocouple. The temperature difference 
between the heating stage/programmer and the top slide was about 30 + 2°C in the 
experimental temperature range. The polymerization reaction was carried out on the top 
slide and all the temperatures mentioned refer to the temperatures of the top slide. The 
reaction process was observed in situ by PLM with crossed polarizers between which a 
red plate having the retardation of 530 nm. The PLM micrographs were further analyzed 
by imaging software (Image-Pro Plus 3.0) The sample package for thin film 
polymerization is shown in Figure 3.2 (Cheng et al., 1999; Chung et al., 2001). 
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 For the nonisothermal study, the experiments were carried out parallel to DSC 
instrument. The samples were heated to 20°C above the highest transition at 20°C/min. 
Then, the samples were held for 2min before cooling down to room temperature. 
Sequential heating and cooling were conduced to observe the morphological changes 
during the phase transition. 
 














 3.4 RMMC (THE “RIS” METROPOLIS MONTE CARLO METHOD), 
CERIUS2 COMPUTATIONAL SIMULATION 
All the polyester and poly(ester-amide) models were built using the Cerius2 
molecular simulation software for material science study provided by Accelrys Corp. 
(used to be MSI Corp.). The queuing calculations were performed on the SGI Origin 
2000 high performance computer at Supercomputing & Visualization Unit of National 
University of Singapore. A RMMC (“RIS” Metropolis Monte Carlo method) module 
within the Cerius2 package was used to calculate the conformational properties of 
polymer chains. These properties include: persistence length, mean squared end-to-end 
distance and mean squared radius of gyration. Using these properties, the RMMC 
program also estimates other chain properties such as the persistence ratio and molar 
stiffness function of the polymer chains (Cerius2 simulation tool user’s reference, 1996).  
The most advanced polymeric force field, pcff (polymer consistent force field), 
was used for all the systems. In addition to van der Waals interactions, electrostatic 
(Coulombic) and torsion interactions were included in the simulation. During calculations, 
500,000 steps were used in the equilibrium portion while 3,000,000 steps were used in 
the production portion. The polymers were built by the random polymer builder and the 
molar ratio of the simulation was 70:15:15 with 20 repeated units for 
ANA/AAA/perfluroalkyl, 100 repeated units for ANA and 300 repeated units for 
ABA/AAA(MH/HQ)/kinked tetrafluorobenzene systems. Ten conformations of polymer 
chains were built for a particular LCPs system and the results were averaged from these 
calculations.  
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 3.4.1 Dynamic Properties of Polymer Chains 
End-to-end distance, (R) 
The end-to-end distance, R, was simply calculated between the first and last skeleton 
atoms in the polymer chain.  
 
Radius of gyration, (s) 
Firstly, the radius of gyration was calculated by radius of gyration tensor, which 
characterized the overall shape and orientation of a polymer chain. It is defined as: 
 
( ) ( )( ) ( )( )
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Where:  r0 (x0, y0, z0)  = Position of the center of gravity 
r0 (xi, yi, zi)    = Position of atom i (i = 1,N) 
 
The center of gravity and/or center of geometry of the polymer was calculated from 
weight-averaged coordinates as: 
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,                                  ,                                          Eq. 3.2 M
 






2 (orientation-eigenvector) in the Cartesian frame. Finally, the Radius of gyration, 

















3.5.1    Fourier Transform Infrared Spectroscopy (FT-IR)  
 
The monomers and polymers (in KBr pellets) were characterized by FT-IR 
(Perkin-Elmer FT-IR Spectrometer Spectrum 2000) with a wave number range of 4000 to 
400 cm-1 and a resolution of 4 cm-1. The polymers obtained by the thin film 
polymerization were scraped carefully from the glass slides without further treatment.  
 
3.5.2 Differential Scanning Calorimetry (DSC) 
 
Thermal measurements were performed using a Perkin-Elmer Pyris-1 differential 
scanning calorimetry. The apparatus was calibrated with high purity indium and zinc, as 
well as on-online baseline subtraction was used. The normal heating rate was 20°C/min 
and all the experiments were conducted under nitrogen environment of 20psi. The 
samples were encapsulated in hermetically sealed aluminum pans and the typical weights 
of each sample were between 5.0 to 10.0mg to ensure sufficient sensitivity for accurate 
measurements. 
 
For nonisothermal crystallization study, samples were heated from 50 to 350°C and 
cooled from 350 to 50°C at various rates of 5, 10, 20, 40 and 80°C/min. For isothermal 
crystallization kinetic study, the samples were heated to 350°C and kept for 2min, then 
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 quickly cooled to predetermined isothermal crystallization temperatures (Tc) at 
150°C/min. After crystallization for different period of time, samples were heated to 
350°C at 20°C/min. Several temperatures were selected to investigate the crystallization 
process. All the heating curves were recorded. The sample was prepared by scraping the 
thin film polymerization product from the glass slide directly without any further 
treatment.  
 
3.5.3 Thermo-gravimetric Analysis (TGA) 
 
The thermal decomposition studies were performed over a temperature range of 100 
to 800°C using a Perkin-Elmer TGA-7 under a nitrogen environment at 20°C/min. The 
temperature and the weight scale were calibrated using high purity nickel and iron over a 
specific range of heating rates with a calibration parameter of their respective curie points. 
The polymers obtained by the thin film polymerization were scraped carefully from the 
glass slides without further treatment.  
 
3.5.4 Wide-angle X-ray Diffraction (WAXD) 
 
The Wide-angle X-ray diffraction (WAXD) was performed to measure the ordered 
dimensions and interchain spacing of liquid crystalline polymers, using a Bruker X-ray 
diffractometer at room temperature with a Cu Kα radiation wavelength of 1.54Å. The d-
spacing value can be calculated from Bragg’s rule as: 2 sinn dλ θ= ,  
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 where d is the dimension spacing, θ is the diffraction angle, λ is the X-ray wavelength 






MOLECULAR DESIGN OF LIQUID CRYSTALLINE POLY(ESTER-AMIDE)S 




Introduction of aliphatic spacers linking the mesogenic groups has been one of 
many well-received study subjects. The use of aliphatic monomers has dramatically 
reduced Tm and improved chain flexibility (Collyer, 1989, Weiss and Ober, 1990; 1992; 
Plate, 1993; Stegemeyer, 1994; Mantia and Magagnini, 1997; Jin and Kang, 1997; 
Chiellini et al., 1997; Shi and Economy, 1997; Chung, 2001). Common aliphatic moieties 
employed are alkyl unit -(CH2)n- and -(OCH2CH2)n- with different flexible spacer lengths 
(Inoue et al., 1997; Shi and Economy, 1997; Chung, 2001; Yoshio et al., 2001; Bhowmik 
et al., 2003). With respect to wholly aromatic LCPs, LCPs containing a relatively small 
concentration of the aliphatic spacers have better processability with improved 
transversal mechanical properties. Although adding aliphatic spacers could dramatically 
reduce the polymer transition temperatures, a serious drawback of this approach is the 
disturbance of liquid crystallinity.  
 
Recently, a growing number of researchers share the view of incorporating 
fluorine units into thermotropic and lyotropic LCPs (Hopken et al., 1992; Vilalta et al., 
1993; Broston, 1998; Hiyama, 2000; Xiang et al., 2000; Bracon et al., 2000; Cheng and 
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Chung, 2002). However, their focuses are either on 1) fluorinated LCPs with lateral 
substituents such as -CF3, -CF3O, -CHF2O or -F as a ring substitution or 2) LCPs linked 
with alternative fluorocarbon-hydrocarbon segments, -(CH2)m-(CF2)n-. Surprisingly, to 
our best knowledge, there is no study on LCPs synthesized from wholly perfluoroalkyl 
aliphatic segments.  
 
A series of aliphatic perfluoroalkyl dicarboxylic acids monomers such as TFSA, 
HFGA, PFSUA and PFSEA with -(CF2)n- spacers (n = 2, 3, 6 and 8) were  chosen in this 
study. Since fluorine is similar to hydrogen in size but induces a larger dipole, the 
perfluorinated LCPs may possess greater chain rigidity and more stable mesomorphic 
phase. Therefore, the purposes of this study were to examine the effects of wholly 
perfluoroalkyl aliphatic flexible spacer on the persistence ratio and the generation of LC 
state. A thin film polymerization technique was employed to investigate the in-situ 
polymerization and the evolution of LC texture in the ANA/AAA/perfluoro dicarboxylic 
acid systems. The study of heteroaromatic and non-aromatic (aliphatic) monomeric units 
on LCPs may bring structural novelty to LCPs, lowering Tm without significantly 
sacrificing liquid crystallinity.   
 
4.2 RESULTS AND DISCUSSION 
4.2.1.  Computational Simulation 
 
Table 4.1 summarizes the calculated results of polymer chain properties for the 
ANA/AAA/perfluoroalkyl system. The molar ratio in the simulation was 5: 1: 1 with 20 
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repeated units. The following observations can be made: 1) Molecules with a longer 
perfluoroalkyl chain usually have a higher mean squared end-to-end distance, mean 
squared radius of gyration, persistence length, and persistence ratio, 2) the even-
numbered series have a more rigid-rod backbone and a higher level of the chain stiffness 
than the odd-numbered ones, 3) the molar stiffness increases linearly with an increase in 
the number of perfluoroalkyl repeated unit, 4) the odd-number one (n = 3) yields LCPs 
having the lowest stiffness and persistence length among these 4 systems studied.  
 
As predicted by Flory and Ronca (1979), the critical aspect ratio of the rod 
molecules for thermotropic liquid crystallinity is 6.42. In our study, the persistence ratios 
for the ANA/AAA/perfluoroalkyl system with n = 2, 3, 6, and 8 were 6.50, 6.47, 7.16 and 
8.10 respectively. Thus, the simulation results clearly supported the possibility of the 
thermotropic LCPs formation. According to the continuum theory of LC, the higher the 
elastic constant is, the larger the distortion energy is. Based on the Odijk’s presumption, 
the elastic constants of splay, twist, and bend increase with an increase in persistence 
length or persistence length/diameter (persistence ratio, q/d) (Windle, 1992; Chung et al., 
1989). Therefore, the ANA/AAA/perfluoroalkyl system having even or higher n may 
exhibit strong LC characteristics. In addition, the calculated mean squared end-to-end 
distance and mean squared radius of gyration increase significantly while increasing the 
number of -CF2- repeated unit, indicating that 1) the polymer chains form a worm-like 
structure with the spacer linkage in the rigid-rod backbone or 2) the excess 
electronegative fluorine charge results in an increase in the free volume among polymer 
chains.  
Table 4.1 The properties of polymer chains with different flexible linkages (20 repeated units) at the temperature of 280°C simulated 














5 1 1 20 
 TFSA 
(n = 2) 
HFGA 
(n = 3) 
PFSUA 
(n = 6) 
PFSEA 
(n = 8) 
Mean squared end-to-
end distance (Å2) 
30809 28265 47434 68350 
Mean squared radius of 
gyration (Å2) 
4947 4691.7 7782 10639 
Persistence length (Å) 35.75 35.61 39.40 44.54 
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30954 28265 41128 68350 61035 14180 
Mean squared 
radius of gyration 
(Å2) 
5053.5 4691.7 6714.1 10639 9577 19390 
Persistence length 
(Å) 
35.01 35.61 36.43 44.54 41.19 112.09 









100.5 96.17 126.4 195.8 168.5 417.3 
Table 4.2 The properties of polymer chains with different lengths of flexible linkage on methyl and perfluoroalkyl (20 repeated units), 
P(ONA) (100 repeated units) and Vectra B (20 repeated units) at the temperature of 280°C simulated by RMMC - Cerius2 Molecular 




Table 4.2 compared the calculated persistence length, persistence ratio and molar 
stiffness for polymers made from a hypothetic molar ratio of 5:1:1 with 20 repeated units of 
ANA/AAA/alkyl, ANA/AAA/perfluoroalkyl as well as a commercial LCP, ANA/AAA/TA 
(Vectra® B), and a wholly aromatic poly(2,6-oxynaphthoate), (PONA) with 100 repeated 
units. Compared to Vectra® B, adding alkyl and perfluoroalkyl spacers with n = 3 
significantly reduced the stability and rigidity of the mesogenic structure. However, the 
reduction in persistence ratio and molar stiffness becomes smaller when LCPs are 
synthesized from even-numbered perfluoroalkyl groups with a high number of -CF2- units. 
Remarkably, the persistence ratio and molar stiffness of the ANA/AAA/PFSEA (n = 8) 
system was higher than those of Vectra® B and was the highest among the systems studied. 
These features are energetically favored the formation of LCs or crystal structure.  
 
The fluorine atom has a much higher atomic weight, but only 10% larger in van der 
Waals radius than hydrogen. Thus the packing density of the fluorocarbon segment exceeds 
by far than that of the hydrocarbon segment. For systems made from 3 repeated units of -
CH2- and -CF2-, there were not much difference between them in terms of persistence length 
and molar stiffness. However, for 8 repeated units, the incorporation of fluorine element into 
the system radically increases 35% on molar stiffness and 18% on persistence length. This 
may arise from two possible causes: the long perfluorocarboxyl chains have the tendency to 
adapt a helical conformation and the disparity in cross section area between hydrocarbon and 




4.2.2. Evolution of LC formation and texture   
 
Figures 4.1, 4.2 and 4.3, show the evolution of LC texture and microstructure changes 
during the polymerization of the ANA/AAA/TFSA (n = 2) ANA/AAA/HFGA (n = 3) and 
ANA/AAA/PFSUA (n = 6) systems at different reaction times. All the micrographs were 
obtained from the same area of the same sample under a PLM at 280°C for 2hrs. The 
reactions started from monomer mixtures, which were in crystal phase. Heat was supplied 
and the monomers were melted to the isotropic phase. The change of morphologies follows 
these sequences: firstly, generation of LC droplets; coalescence of the LC droplets; formation 
of schlieren texture and lastly annihilation of disclinations. Traditionally, thin film 
polymerizations usually end with either the formation of stripe texture or crystallization 
(Cheng et al, 1999a, 1999b; Cheng and Chung, 1999, 2002). However, only crystal and 
liquid crystal texture were observed for the systems studied. 
 
For the ANA/AAA/TFSA (n = 2) system, oligomers were formed in the molten 
monomer phase in the early state and LCs droplets started to appear and separate from the 
isotopic phase once the minimum requirement of persistence ratio for liquid crystallinity is 
reached. The brighter phase shown in the Figures represented the LCs phase and the darker 
view was for the isotropic melt. Suffice to say, molecular weight and LCs chain length 
increased rapidly with time in the early state (140-220s), thus the generation of LC phase and 
the coalescence of LC phase happened simultaneously. The overall view area became an 
anisotropic phase (i.e., schlieren texture) at 240s. After 4 min of polymerization, no further 
morphological changes can be noticed. Similar patterns of LCs texture evolution and 
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microstructure changes can be observed in Figures 4.2 and 4.3 for the ANA/AAA/HFGA (n 
= 3) and ANA/AAA/PFSUA (n = 6) systems, respectively. The morphological changes for 












Figure 4.1 Micrographs showing morphologies of the 70/15/15 ANA/AAA/TFSA 
polymerization reaction system at different reaction times. All the micrographs were obtained 
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Figure 4.2 Micrographs showing morphologies of the 70/15/15 ANA/AAA/HFGA 
polymerization reaction system at different reaction times. All the micrographs were obtained 









8min 160s 180s 
60min
50 μm
Figure 4.3 Micrographs showing morphologies of the 70/15/15 ANA/AAA/PFSUA 
polymerization reaction system at different reaction times. All the micrographs were obtained 
from the same area of the same sample. Reaction temperature: 280°C 
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However, the ANA/AAA/PFSEA (n = 8) system with the longest perfluoroalkyl 
moiety favors crystallization in the last stage as illustrated in Figures 4.4. For example, at 
16min of polymerization, the crystal phase can be clearly discerned for the 
ANA/AAA/PFSEA system (the left bottom of Figure 4.4), which is consistent with the 
computational results. Previous studies suggested that polymers with short repeating units 
and high symmetry tend to crystallize better than those with long repeating units and low 
symmetry (Hopken et al., 1992; Cheng et al., 1999b; Wunderlich, 1973). In contrast to the 
earlier studies, we have observed a higher crystallization with a longer the repeating unit. 
Additionally, the ANA/AAA/HFGA, ANA/AAA/TFSA, and ANA/AAA/PFSUA systems 
with a shorter aliphatic spacer (n = 3, 2 and 6) have more stable LC mesophase compared to 
the one with the longest perfluoroalkyl aliphatic spacer (n = 8).  
120min 70min35min 16min 
10mi2 n 




Figure 4.4 Micrographs showing morphologies of the 70/15/15 ANA/AAA/PFSEA 
polymerization reaction system at different reaction times. All the micrographs were obtained 
from the same area of the same sample. Reaction temperature: 280°C 
 
 72
The perfluoroalkyl aliphatic length has great effects on the end-state morphology. 
Only cr
 
The strength S of a disclination during the polymerization were also characterized. 
The str
ystal texture has been observed in the longest perfluoroalkyl linkages, i.e., PFSEA (n 
= 8). Yet, for TFSA (n = 2) HFGA (n = 3) and PFSUA (n = 6), their morphological changes 
stopped at the scheliren texture although the reaction was kept through 2hrs. The initial time 
for the appearance of LCs phase was also dependent on the perfluoroalkyl aliphatic 
substituents. Consistent with the molecular modeling, the ANA/AAA/TFSA (n = 2) system 
required the longest time for the generation of anisotropic phase because it has low 
persistence ratio and chain stiffness (as shown in Table 4.1). The ANA/AAA/HFGA system 
has the lowest persistence ratio and chain stiffness, but formed the LC phase faster than the 
ANA/AAA/TFSA (n = 2) system due to the odd-number perfluoroalkyl chain. Enough 
reports indicate that the liquid crystallinity of LCPs is strongly influenced by the even-odd 
effect of flexible spacers, which is attributed to the trans and gauche formation (Chung, 1986, 
2001; Collyer, 1989, 1992; Weiss and Ober, 1990; Inoue et al., 1997). As expected, the 
ANA/AAA/PFSUA (n = 6) and ANA/AAA/PFSEA (n = 8) systems have much shorter initial 
times for the appearance of LCs phase.  
ength was calculated as │S│=N/4, where N is the number of the dark brushes around 
the single disclination. To conduct this experiment, we rotated the crossed polarizer and 
observed the rotated direction of the brushes. If the direction of the rotation is the same as the 
polarizer, the disclination is a positive one. One the other hand, the reverse is true for a 
negative disclination. Disclination strength of +1 was observed for the 4 systems studied, 
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indicating that the dynamics of defect annihilations during the early stage of polymerization 
may be the same. 
 
4.2.3 FT-IR characterization 
 
The FT-IR spectra of monomers and copoly(ester-amide)s for the 70/15/15 
ANA/AAA/HFGA system were characterized as a function of reaction time and shown in 
Figure 4.5. The vibration band at 1760cm-1 corresponded to vc=o of CH3COO- while the band 
1684cm-1 corresponded to vc=o of -COOH. The acetoxy group entirely disappeared with the 
formation of ester group at 1732cm-1 when the polycondensation reaction was holding out at 
280°C for 2hrs. 














Figure 4.5 The FTIR spectra of 70/15/15 ANA/AAA/HFGA reaction system at 280°C for 
different reaction times: (a) 0min, (b) 1hr and (c) 2hrs 
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4.2.4. The Critical ANA Content for the Liquid Crystals Formation 
 
The critical (or minimum) ANA content to form the LC phase were determined as 
shown in Figure 4.6 for the ANA/AAA/TFSA (n = 2), ANA/AAA/HFGA (n = 3) and 
ANA/AAA/ PFSEA (n = 8) systems. The ANA/AAA/HFGA system required the lowest 
temperature for liquid crystalline texture formation. At 260°C, 20 mol% ANA was required 
in the ANA/AAA/HFGA system. Above the critical content, we observed that the higher the 
ANA critical content, the higher the annihilation rates were. Below this critical content, only 
isotropic or crystal phase was found. The morphology was controlled by crystallization and 
the rate of crystal growth decreases with increasing ANA content.  
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In addition, a higher reaction temperature results in a lower critical content. This is 
possibly because of the rapid increases in molecular weight and persistence ratio at high 
temperatures. As a consequence, for the same composition, a higher reaction temperature 
usually leads to easier and faster formation of LC phase. The ANA/AAA/HFGA (n = 3) 
system has a higher tendency to yield the LC phase than the ANA/AAA/TFSA (n = 2) and 
ANA/AAA/PFSEA (n = 8) systems possibly because HFGA has the lowest melting point and 
possesses an odd-number perfluoroalkyl group. TFSA has a melting point (118°C) between 
HFGA (92°C) and PFSEA (151°C), thus the critical content of ANA/AAA/TFSA (n = 2) was 
between the other two.  The other cause was the short perfluoroalkyl segments (n = 2 and 3) 
in the backbone generally lead to the formation of more stable nematic phase. The zigzag 
phenomenon on the LC formation for the current perfluoroalkyl system appeared to be 
similar for those studies observed in the n-alkyl system. 
 
4.2.5 Phase Diagram for the LCPs Formation 
 
 The phase diagram of the ANA/AAA/HFGA (n = 3) system and their representatives 
of morphologies at 30/60/10 (i.e., AAA rich), 30/35/35, and 30/10/60 mol% (i.e., AAA poor) 
compositions are shown in Figures 4.7 and 4.8, respectively. While Figures 4.9 and 4.10 
show the case of the ANA/AAA/PFSEA (n = 8) system and the morphologies at 40/50/10 
(i.e., AAA rich), 40/30/30 and 40/10/50 mol% (i.e., AAA poor) compositions. Because the 
critical molar compositions for ANA/AAA, ANA/HFGA and ANA/PFSEA copoly(ester-
amide)s to show LCs characteristics were 5/95, 25/75, and 35/65 mol%, respectively, any 
composition in the grey areas in Figures 4.7 and 4.9 would form the LC phase if the reaction 
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time was 1hr at 300°C. Outside the grey areas and below these critical lines, LC phase cannot 
form during the polycondensation reaction. This indicated that, lower ANA content cannot 
meet the minimum persistence ratio requirement for LC formation. Because the region close 
to the ANA-AAA axis has more grey areas than the region near the ANA-HFGA (or PFSEA) 
axis, AAA shows relatively higher tendency to form LC characteristics than the HFGA (or 
PFSEA). Although the grey area exhibited the LC characteristics, only equal mol percentages 
of AAA and HFGA (or PFSEA) in ANA system can form high molecular weight liquid 
crystalline copoly(ester-amide)s. Polycondensation reactions were deficient if either AAA or 
HFGA (PFSEA) content is excessive.  
ba c





















1.0  LC Formation




Figure 4.7 The critical ANA content for LC formation in the ANA/AAA/HFGA system. The 
reaction temperature was 300°C and reaction compositions were: (a) 30/60/10, (b) 30/35/35 
and (c) 30/10/60 
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Figure 4.8 Micrographs showing morphologies of the ANA/AAA/HFGA polymerization 
reaction system at different reaction compositions: (a) 30/60/10,                        
(b) 30/35/35 and (c) 30/10/60.  All the micrographs were obtained from the same area of the 
same sample. Reaction temperature: 300°C 
  
 When comparing the evolution of morphology at compositions a, b and c, Figures 4.8 
and 4.10 show that not only AAA played an important role on the reaction time needed for 
the appearance of LC phase, but also the final morphology. It takes 15min to form LC 
droplets in the 30/60/10 ANA/AAA/HFGA composition (Figure 4.8 (a)), but only around 
2min for the 30/35/35 (Figure 4.8 (b)) and 30/10/60 ANA/AAA/HFGA (Figure 4.8 (c)) 
systems. The difference on the time needed for LC appearance may arise from different 
reactivity. The acetoxy group attached to the -NH- (amine) functional group in AAA may 
likely lower the reaction. A similar phenomenon was also observed for the 
ANA/AAA/PFSEA system, as displayed in Figure 4.10. In addition, Figure 4.8 shows that 
AAA content affected morphology significantly. When the AAA content was in the range of 
medium to high (i.e., 35% to 60%), it forms stable LCs phase. Conversely, it forms crystal 
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structure if the AAA content is low. If AAA content was only 10%, Figure 4.8 (c) indicated 
that LC droplets start to appear at 100s, but crystallization takes place rapidly. A similar 
trend was observed in the ANA/AAA/PFSEA (n = 8) system (Figure 10).  
ba c



























Figure 4.9 The critical ANA content for LC formation in the ANA/AAA/PFSEA system.  
The reaction temperature was 300°C and reaction compositions were: (a) 40/50/10, (b) 
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Figure 4.10 Micrographs showing morphologies of the ANA/AAA/PFSEA polymerization 
reaction system at different reaction compositions: (a) 40/50/10, (b) 40/30/30 and (c) 
40/10/50. All the micrographs were obtained from the same area of the same sample. 
Reaction temperature: 300°C 
 
4.3 CONCLUSIONS  
 
Novel LCPs made from fluorinated poly(ester-amide)s have been identified by both 
computational and experimental results; supported by molecular simulation and confirmed 
by the thin film polymerization. Based on computational results, all systems satisfied the 
minimum requirement for LC formation with persistence ratios larger than 6.42. Moreover, 
the results obtained also suggest that the even-numbered series have a higher level of the 
chain stiffness and persistence length than the odd-numbered ones. 
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The effects of perfluoroalkyl aliphatic spacers on the LC texture evolution, generation 
and annihilation have been determined by in-situ polymerization under a PLM. The longest 
aliphatic perfluoroalkyl spacer (n = 8) tended to induce a crystal phase, whereas short 
aliphatic spacers (n = 2, and 3) appeared to be more favorable for LC formation. The LC 
domains formed at the early stage of these aromatic/aliphatic poly(ester-amide)s have a 
disclination strength of +1.  
 
Through the ternary monomer phase diagram, we observed that monomers structure 
and composition have great effects on the end stage morphological change. AAA has 
relatively higher tendency to form LC characteristics than the HFGA (or PFSEA). Only 
equimolar of the AAA and perfluoroalkyl can form high molecular weight LCPs. In 
addition, FT-IR spectra indicated that the acetoxy group completely disappeared after the 






THIN FILM POLYMERIZATION AND “RIS” METROPOLIS MONTE CARLO 




Introduction of kink spacers linking the mesogenic groups has been heavily 
studied in recent years. The introduction of kink moieties into stiff rod-like LCPs is 
usually used to reduce melting points and offset the linearity of the rigid main-chain 
(Chung, 1986; Donald and Windle, 1992; Collyer, 1992). For example, the Td of TA-
based LCPs often are lower than their Tm, eliminating the possibility of melt processing 
of such materials. Therefore, ortho- and meta-linked “kinked” units are usually 
incorporated into the polymer main-chain to decrease Tm and Tg by reducing the rigidity 
of the polymer chains. The other potential result of kink unit incorporation is the 
significant reduction of polymer crystallinity. Such modification adversely affects the 
strength and rigid-rod character of the resultant polymers as well as unfavourably 
influences the stability of liquid crystalline phases.  
 
Although many attempts have been employed to study liquid crystalline 
heterogeneity, such as 1) the characteristics of resultant LPCs through experiments (Chen 
et al., 2000; He et al, 2001; Wang et al., 2003) and 2) chain rigidity and persistence ratio 
by computational simulation (Krigrarum et al., 1989; Bladon and Frenkel, 1996; Bicerano 
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1998; Foulger and Rutledge, 1998), the direct comparison of both experimental data and 
computational simulations are very limited. Additionally, when synthesizing new LCPs, 
little information is available about their structures and properties. Computational 
simulations can be a powerful tool which provides insights into structure. The Flory 
lattice model is commonly applied to LC systems, and support the importance of 
molecular structure/geometry to the induction of liquid crystallinity (Krigrarum et al., 
1989; Shibaev and Lam, 1994). According to Flory and Ronca (1979), the critical axial 
ratio value of the rod molecules thermotropic liquid crystallinity is 6.42. Thus, LCPs 
which have a persistence ratio greater than 6.42 tend to form stable mesophases. 
 
Since aromatic main-chain poly(ester-amide)s represent an important family of 
commercial thermotropic LCPs, our research group has carried out a systematical thin 
film polymerization study on these copolymers, and examined their morphological 
changes, reaction kinetics, characterization as well as product surface energy (Cheng et 
al., 1999b; Cheng and Chung, 2000, 2002; Chung et al., 2001). It has been found that the 
para-linked polyester-amides have the highest tendency to form liquid crystalline phase. 
Surprisingly, ortho-linked LCPs have a higher tendency than meta-linked LCPs to exhibit 
thermotropic liquid crystalline phases, as a result of lower Tm and chain flexibility 
(Cheng and Chung, 2000). Fluorinated-LC has received attention for many years.  
Families of materials that have been studied generally include 1) fluorinated LCPs with 
lateral substituents such as -CF3 and -F as a ring substitution (Ishikawa et al., 1997; Liu et 
al, 1998, 2002) or 2) alternative fluorocarbon-hydrocarbon segments, -(CH2)m-(CF2)n- 
(Xiang et al., 2000; Percec et al., 2003; Wewerka et al., 2003). To our best knowledge, 
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only one study of LCPs synthesized by both fluorinated ortho- and meta- aromatic 
moieties on the MCLCPs has been reported (Chung et al., 2001). 
 
Our approach was to incorporate three monomeric monomers and randomly 
distribute them along the backbone, leading to an irregular chain structure and thus 
inhibiting regular chain packing for crystallization (Chung, 1986, 2001; Donald and 
Windle, 1992; Collyer, 1992; Plate, 1993). The purpose of the present study was to 
examine the effects of fluorinated kink moieties (ortho-, meta- and para-linkages) on the 
persistence ratio and the generation of liquid crystallinity as well as crystallization state, 
using both experimental and computational simulations. In addition, the impact of kink 
moieties on the formation of fully hydrogenated and fluorinated-LCs was explored. The 
LCPs polymerizations were conducted using the in-situ thin film polymerization and the 
molecular modeling was carried out using the “RIS” Metropolis Monte Carlo Simulation. 
This study revealed the important relationship between liquid crystalline heterogeneity 
and chain rigidity, as well as persistence ratio and chemical structure. 
 
5.2 RESULTS AND DISCUSSION 
5.2.1  Computational Simulation 
 
Table 5.1 summarizes the calculated results of polymer chain properties for the 
ABA/AAA/TFPA (TFIA/TFTA) system with different kinked effects. It was predicted in 
the simulation results that ABA/AAA/TFTA (para) was predicted to have the highest 
persistence length, followed by ABA/AAA/TFIA (meta) and ABA/AAA/TFPA (ortho) 
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systems. As expected, the para-linkage has the highest persistence length and ratio, 
which favors mesophase formation (Cheng and Chung, 2000). Moreover, the mean 
squared end-to-end distance, mean squared radius of gyration and molar stiffness 
function also increase linearly in the sequence of: ortho-, meta- and para-linkages. 
According to the Flory’s lattice model, the critical axial ratio value of the rod-like 
thermotropic liquid crystallinity is 6.42 (Flory and Ronca, 1979). In the current study, the 
calculated persistence ratios for the ABA/AAA/kinked tetrafluorobenzene systems with 
ortho-, meta- and para-linkage were 6.51, 7.64 and 10.49, respectively. These results 
clearly supported the formation of thermotropic LCPs. Based on the Odijk’s presumption, 
the splay, twist and bend elastic constants increase with an increase in persistence length 
or persistence ratio (Chung et al., 1989; Shibaev and Lam, 1994), indicating that the 
examined LCPs with a greater persistence ratio may exhibit strong LC characteristics.  
 
The ABA/AAA/TFTA system with its para-linkage having the highest 
persistence ratio and persistence length easily undergoes the mesophase annihilation 
reaction. This is plausible because the reactivity and chain straightness of TFTA are 
higher than TFIA/TFPA units, which may result in some blocks in the polymer chain. 
Additionally, the chain orientation and packing are prohibited to some extent by two 
symmetrical carbonyl groups that present in the linear TFTA unit. In other words, TFTA 
has a greater degree of linear symmetry that resulted in a higher packing density. This 
was clearly supported by the conformational chain which is shown in Figure 5.1 (c). 
Remarkably, the persistence ratio and molar stiffness function of the ABA/AAA/TFTA 
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system was the highest among the systems studied. These features are energetically 
favored to form LC or crystal structure. 
 
Table 5.1 The properties of the random built LCPs chains with ortho- meta- and para-
linkages (300 repeated units) at the temperature of 300°C, simulated by RMMC - Cerius2 








































81749 ± 4660 96746 ± 5340 131934 ± 6620 











> 5.85 6.13 6.33 
Persistence length (Å) 38.85 ± 2.33 44.72 ± 2.51 50.59 ± 2.87 
Diameter (Å) 5.97 ± 0.34 5.85 ± 0.29 4.82 ± 0.25 
Persistence ratio 6.51 7.64 10.49 
















Figure 5.1 Set of simulation observed for (a) ABA/AAA/TFPA, (b) ABA/AAA/TFIA 
and (c) ABA/AAA/TFTA copoly(ester-amide)s with 70/15/15 mol% (300 repeated units), 
built at 300°C 
 
The incorporation of the TFPA (ortho) unit can effectively reduce 30% of the 
molar stiffness function and 23% of the persistence length as compared to the TFTA 
(para) system, as shown in Table 5.1. Shibaev and Lam (1994) attributed the decrease in 
persistence ratio by introducing flexible sequences for the formation of Khun-like chains. 
However, the TFPA monomer with its bulky structure (diameter of 5.97Å) also 
significantly reduces the persistence ratio. Thus, for a given persistence length, the ortho-
isomers always have a lower persistence ratio than the other two isomers. In addition, the 
lower intramolecular attractive force and high polarity in ortho-linkages may disturb the 
stability of the LC phase. Yet, the ABA/AAA/TFPA system may form LCs texture 
because of its large, rigid and disk-like TFPA aromatic rings.  
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The calculated value of <r2>/<s2> may provide additional insight because it 
describes the spatial characteristics of polymer chains. <r2> is the mean squared end-to-
end distance, while <s2> is the mean squared radius of gyration. Therefore, the value of 
<r2>/<s2> can be used to characterize the linearity of polymer. The higher the <r2>/<s2> 
value, the more linear the polymer chain is. The calculated <r2>/<s2> increased from kink 
to straight monomeric units, indicating that 1) the polymer chains form a worm-like 
structure with the ortho- and meta-linkages in the rigid-rod backbone or 2) excess 
electronegative fluorine charge may result in an increase in the interstitial space among 
polymer chains. The effects of the incorporation of rigid kinks in the polymer chains on 
the reduction of chain orientation can be easily seen from Table 5.1 and Figure 5.1. 
 
As illustrated in Figure 5.1, the chain conformations of the ortho- and meta-
kinked LCPs are strongly affected by TFPA and TFIA units. TFPA and TFIA moieties 
with 60° and 120° angular conformations may correspondingly dedicate a twist and bend 
on a rigid straight polymer chains. The TFPA moiety may create a higher rotation ability 
because of its ortho-linkage (60° angular conformation), indicating that the polymer 
chain may coil together easily. There was clear evidence in Figure 5.1 (b) that meta-
linkages induce chain flexibility but at the same time maintain the linearity and 
straightness of a polymer back bone, which readily forms mesophases.   
 
Figure 5.2 depicts that the persistence length of ABA/AAA/TFTA decreases 
drastically with an increase in temperatures. This implied that temperature has a 
significant effect on chain straightness. As compared to the ABA/AAA/TFTA system, 
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the ABA/AAA/TFPA and ABA/AAA/TFIA systems with ortho- and meta-linkages have 
a lower sensitivity of persistence length to temperature, suggesting greater chain 




































Figure 5.2 Calculated temperature dependence of the persistence length for 70/15/15 
ABA/AAA/TFPA, ABA/AAA/TFIA and ABA/AAA/TFTA systems by simulation  
 
5.2.2 Liquid Crystalline Texture Evolution and Microstructure Changes 
 
Figures 5.3 and 5.4 show the evolution of LC texture and microstructure changes 
during polymerization of the ABA/AAA/TFPA (ortho), ABA/AAA/TFIA (meta) and 
ABA/AAA/TFTA (para) systems at different reaction times. All the micrographs were 
obtained from the same area of the same sample under PLM at 300°C for 2hrs. Using the 
ABA/AAA/TFPA system (Figure 5.3) as an example, in the early stages of LC formation, 
oligomers formed in the molten monomer phase. The brighter phase that appeared during 
the early stages of reaction was LC domain, while the darker phase represented the 












Figure 5.3 Morphology of the 70/15/15 ABA/AAA/TFPA (ortho) polymerization 
reaction system at different reaction times. All the micrographs were obtained from the 
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Figure 5.4 Morphology of the 70/15/15 (a) ABA/AAA/TFIA (meta) and                        
(b) ABA/AAA/TFTA (para) polymerization reaction system at different reaction times. 
All the micrographs were obtained from the same area of the same sample. Reaction 
temperature: 300°C. 
 
Once the minimum requirement of persistence ratio for liquid crystallinity is 
reached, LC droplets start to appear and separated from the isotopic phase. This was clear 
evidence that molecular weight and LC chain length increase rapidly with time in the 
early stages (70-120s) of polymerization. Subsequently, the generation of LC phase and 
the coalescence of LC phase took place simultaneously. In general, the coalescence 
process is faster than the generation of LC droplets. At 156s, the overall view area 
became an anisotropic phase (i.e., schlieren texture). After 8min of polymerization, the 
crystal phase can be clearly discerned. The crystal structure continues to grow and take 
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possession of the whole micrograph until the polymerization reaction has continued for 
2hrs. Similar patterns of LC texture evolution and microstructure changes can be 
observed in Figures 5.4 (a) and (b) for the ABA/AAA/TFIA (meta) and 
ABA/AAA/TFTA (para) systems. All copolymers systems underwent the following 
changes in morphology: generation of LC droplets; coalescence of the LC domains; 
formation of schlieren texture, and the annihilation of disclinations. Only crystalline 
texture was observed at the end of the reaction for all the systems studied.  
 
5.2.3.  Comparison of the Effect of Ortho-, Meta- and Para-linkage on the Liquid 
Crystallinity  
 
As shown in Figures 5.3 and 5.4, the incubation period until the appearance of 
LCs phase was strongly dependent on the kink substituents. Previous studies suggested 
that the formation of liquid crystallinity would follow this sequence: para-, meta- and 
lastly ortho-linkages (Cheng and Chung, 2000). In contrast to the earlier studies, the 
ortho-linkage has the shortest time to evolve the LC texture, followed by the para- and 
then the meta-linkages. Theoretically, TFPA with a lower persistence ratio was 
unfavorable to mesophases formation. However, its low melting point (162°C) and its 
potential to create cis-configuration (discussed later) may help induce the LC formation 
in the early stage of polymerization. The rigidity and straightness of TFTA compensates 
for the drawback of its highest melting point (275°C) within the series. The kink structure 
and relatively high melting point (212°C) of TFIA may cause the meta-linkage system to 
be the last to form LC texture.   
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Due to the resonance effect of C=O bond in the backbone, the N-C bond (amide 
group) may have a double bond character, TFPA with the ortho-linkage may undergo a 
cis-configuration and give a 60° angular conformation as compared to those of meta-
linkage. Based on the previous computer simulation, the energy difference between the 
cis and trans configuration for PhNH-COPh was very small (2.6 kcal/mol) (He and 
Windle, 1995) while the rotational barrier for amide group is relatively large (~16 
kcal/mol) (Chung et al., 1999). This indicates that the incorporation of cis-configuration 
may create a side step (crankshaft) effect between AAA and TFPA, and result in an 
increase in its quasi aspect ratio as well as local chain rigidity.  Even though the ortho-
linkage can produce the cis-configuration, it can also create an unstable conformation and 
configuration if the ortho content was high. This is due to the fact that the coexistence of 
cis and trans-configurations in random polymerization may result in a reduction of 
overall aspect ratio, linearity and chain rigidity. In other words, the cis-configuration 
would occur and enhance local chain rigidity (liquid crystallinity) in the early stage of 
polymerization if the TFPA content was low. 
 
Figure 5.5 illustrates the evolution of LC area as a function of time during the thin 
film polymerization. There seems to have two stages for the LC growth. The initial stage 
corresponded to individual domain growth, while the second stage represented the 
aggregated domain growth through various annihilation processes. Because the meta-
linkage system has a slower LC growth rate, it has a clear transition from individual to 
aggregated domain growth. This phenomenon may also arise from the fact that the meta-
linkage system has relatively higher viscosity or lower elastic constants than the other 
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two systems. Another possible explanation was that the rigid TFIA (meta) moiety may 
























































Figure 5.5 Time dependence of the area (A) of the LC annihilation process for 70/15/15 
ABA/AAA/TFPA (TFIA/TFTA) at 300°C. 
 
Even though these fluorinated moieties have different conformations and 
configurations, they yield similar end-stage morphology. Only crystalline structure has 
been observed from the resultant copolymers. As shown in Figure 5.3, the crystallinity 
grown from the LC phase develops through spherulitic growth and then by the nucleation 
process (Hadershi et al., 1995). Usually, these spherulites were grown from the dark 
brushes around a single disclination, indicating that these were the lowest energy for 
crystallization. Figure 5.6 demonstrates the evolution of their crystalline areas as a 
function of time. The crystallinity grows in three stages. The first stage (from the 
crystalline formation to about 30min) was rapid, then slowed down and further slowed 
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down after 60-70min. TFPA system was the first to develop crystal texture, but its growth 
rate quickly decreased in the later stage of polymerization (at about 62min). This may be 
due to the difficulties of inducing chain folding (coexistence of cis and trans-






























Figure 5.6 Time dependence of the area (A) of the crystal growth process for 70/15/15 
ABA/AAA/TFPA (TFTA/TFIA) at 300°C. 
 
5.2.4 The Critical ABA Content for the Liquid Crystalline Formation 
5.2.4.1 Comparison between ABA/AAA/TFPA, ABA/AAA/TFIA and 
ABA/AAA/TFTA Systems 
 
The critical (or the minimum) ABA content to form the LC phase was determined 
and shown in Figures 5.7 and 5.8. Consistent with the previous simulation, the 
ABA/AAA/TFTA required the lowest ABA content for LC texture formation because the 
para-linkage has greater chain straightness and tendency for liquid crystallinity. For 
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example, 15 mol% of ABA was required in the ABA/AAA/TFTA system at 300°C while 
40 mol% of ABA was necessary in the ABA/AAA/TFPA system (as shown in Figure 
5.7). Above the critical content, higher ABA critical content suggests higher rates of LC 
formation; while below the critical content, only isotropic or crystal phase were found. In 
addition, these Figures also suggest that a higher reaction temperature resulted in a lower 
critical ABA content. One possible reason is that high temperature probably leads to the 
rapid increase in molecular weight and persistence ratio. As a consequence, a higher 
reaction temperature usually results in an easier and faster formation of LC phase for the 
same composition.  
 
As illustrated in Figure 5.7, the experimental data show that the TFPA (ortho) 
system has a lower tendency to yield the LC phase than either the TFIA (meta) or TFTA 
(para) systems, matching with the simulation results in Table 5.1. These data suggested 
that the ortho-linkage has poor intra- and intermolecular attractive force as compared to 
the meta-linkage because of 1) poor intrinsic rotation potential around the bond and 2) 
steric hindrance to rotate among intermolecular chains due to non-bonded interaction. 














Figure 5.7 The dependence of the critical ABA content for ABA/AAA/TFPA, 




















































On the other hand, TFIA with its meta-linkage has a much higher tendency to 
form LC than TFPA. One plausible explanation was some of the ester linkages in 
ABA/AAA/TFIA may assume a cis-configuration that facilitates the formation of liquid 
crystallinity. Although TFIA with 120° angular conformation cannot induce a crankshaft 
effect, its may form a cis-configuration by the ester linkage. Computatinal simulation 
shown the energy difference for ester (8kcal/mol) was higher than the amide (2.6kcal/mol) 
(He CB, A.H. Windle, 1995). As a result, the ester group was conceptually more difficult 
to form a cis-configuration than the amide group. However, if the polymer chain can 
exhibit the energy requirement for an ester linkage cis-configuration, the polymer may 
have a higher persistence length and symmetry structure, leading to a more stable LC 
structure.  
 
Although a meta system can exhibit the cis-configuration, it may take much 
longer time to overcome the higher energy barrier for the formation of ester linkages. In 
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addition, the resultant polymers could achieve close regular packing in the liquid 
crystalline region, which is similar to a straight chain in para-linkage (matching the chain 
conformation as shown in Figure 5.1 (b)). Therefore, both meta and para-linkage systems 
have close critical ABA content as shown in Figure 5.7. At 360°C, the meta-linkage 
system can tolerate 42.5 mol% of TFIA moiety, while the para-linkage system can stand 
44 mol% of TFTA moiety before loosing LCs characteristics.  
 
5.2.4.2 Comparison between ABA/AAA/TFPA, ABA/AAA/TPA, ABA/AAA/PA, 
ABA/AAA/TFIA and ABA/AAA/IA Systems 
 
From Figure 5.8, it is evident that the fluorine substituent plays an important role 
in the formation of liquid crystallinity. The effects of a fluorine lateral moiety on the 
liquid crystallinity of fluorinated aromatic (Chung et al., 2001; Chung and Cheng, 2002) 
and perfluoroalkyl aliphatic (Chapter 4) poly(ester-amide)s systems have been previously 
reported. According to Cheng and Chung (2002), the fluorine lateral moiety has an 
unfavorable effect on the annihilation reaction. The LC formation in the current 
ABA/AAA/TFPA system appeared to have a similarity to those studies observed in the 
poly(ester-amide)s system. This finding clearly reflected that the replacement of a 
hydrogen atom by a fluorine atom has a huge effect on the requirement of critical ABA 
mol%. The fluorine atom has a much higher atomic weight, but it is only 10% larger in 
van der Waals radius than hydrogen. Thus, the packing density of the fluorocarbon far 
exceeds that of the hydrocarbon moiety. The ABA/AAA/FPA (fluorophthalic acid) 
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system, which has only one fluorine substituent on the aromatic ring, has a similar liquid 










Figure 5.8 The dependence of the critical ABA content for ABA/AAA/TFPA, 
ABA/AAA/FPA (Cheng and Chung, 2002), ABA/AAA/PA (Cheng and Chung, 2002), 






































































When PA or FPA units were replaced by the TFPA unit, with four fluorine atoms, 
the lowest critical ABA content was observed (Figure 5.8). According to a previous 
report (Ueda et al., 1992), the introduction of large fluorine-fluorine repulsions in a 
polymer backbone has been shown to decrease the phase transition temperature of 
thermotropic LCPs and generally leads to the transition from the isotropic to nematic 
stage. Thus, the TFPA was expected to have lower critical ABA content than FPA and 
PA at the same reaction temperatures. However, the current results shown a contrasting 
feature of these copolymers. A plausible explanation for this alternative behavior was 
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fluorine atoms have a higher polarity and electronegativity affect in the ortho-position, 
which destroys the liquid crystal stability when the content was high. In other words, the 
ability of ortho-linked aromatic poly(ester-amide)s to form stable thermotropic LCPs 
appeared to depend on the particular extent of its incorporation.  
 
On the other hand, when comparing the requirements of critical ABA content 
between ABA/AAA/TFIA and ABA/AAA/IA systems, surprisingly, we observed that the 
former has a much lower critical ABA content than the latter. The meta-linkage moiety 
could induce the liquid crystallinity because of forming a cis-configuration at its ester 
linkage. Thus, the 4 fluorine substituent atoms of TFIA definitely help chain rigidity and 
stabilize the LC mesogens because of their high polarity and electronegativity as well as 
unique configuration (i.e., ring substitution). As a result, 18mol% ABA was required in 
the ABA/AAA/TFIA system at 320°C, while 42mol% ABA was necessitated in the 
ABA/AAA/IA system. Yet, the introduction of fluorine content has resulted in an 
unfavorable LC characteristic in the ortho-linkage while had a higher potential in the 
meta-linkage.  
 
The morphology of the ABA/AAA/TFPA polymerization reaction system at 
different reaction compositions: (a) 45/27.5/27.5 (above critical content), (b) 40/30/30, 
(on the critical content) and (c) 30/35/35 (below critical content) are shown in Figure 5.9 
and their relative positions are labeled in Figure 5.8. Compared to the 45/27.5/27.5 
ABA/AAA/TFIA system, the 40/30/30 ABA/AAA/TFPA system has much a slower LC 
growth process during the early stages of reaction. By further decreasing the ABA 
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content, only the amorphous phase was found during the entire stage of polymerization. 
This was probably due to the random distribution of short rigid chain segments which 
make them difficult to form crystallize or mesophase. 
10min 30min 60min 
10min 15min 60min 







Figure 5.9 Morphology of the ABA/AAA/TFPA polymerization reaction system at 
different reaction compositions: (a) 45/27.5/27.5, (b) 40/30/30 and (c) 30/35/35. All the 
micrographs were obtained from the same area of the same sample. Reaction temperature: 
300°C
 
5.2.5 Characterization  
 
To show that the fluorine substituent moieties have been successfully 
incorporated into the LCPs chains, FT-IR was used to identify the individual chemical 
functionalities.  Two representative samples, the monomer mixture and the LCPs that had 
been in-situ polymerized for two hours, were chosen. The FT-IR spectra of monomers 
and copoly(ester-amide)s for the 70/15/15 ABA/AAA/TFIA system were characterized 
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as a function of reaction time and shown in Figure 5.10. The bands at 1755 and 1686cm-1 
correspond to the vc=o of CH3COO- and vc=o of -COOH, respectively. These bands almost 
completely disappeared after the completion of reaction. When the polycondensation 
reaction was continued at 300°C for 2hrs, a new band of ester group at 1735cm-1 was 
formed, clearly indicating the formation of a copolymer.  











Figure 5.10 The FT-IR spectra of 70/15/15 ABA/AAA/TFIA reaction system at 300 °C 
for different reaction times: (a) 0min and (b) 2hrs 
 
DSC and TGA were employed to study the thermal behaviors of the copolymers. 
The typical DSC heating and cooling traces of ABA/AAA/TFTA system were performed 
at a rate of 20°C/min between 50 and 360°C. Usually, the melting points for the first 
generation LCPs were observed to be between 350 to 450°C, which is not convenient for 
conventional processing facilities. Therefore, one of the major objectives in thermotropic 
LCP research is to reduce the transition temperature to ideally less than 300°C (Collyer, 
1992; Chung, 2001). In Table 5.2, it is noted that from the DSC examination, Tm for the 
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TFIA (meta) and TFTA (para) systems are 335 and 334°C, which may still be in an 
acceptable processing temperature range. The TGA examination suggested that the Td for 
the TFPA, TFIA and TFTA systems at a 5% weight loss were 401, 352 and 381°C, 
respectively. 
 
































Melting Point, Tm (°C ) Nil 335 334 
Crystallization Point, Tc (°C ) 256 291 284 
Decomposition Temperature, 
Td (°C ) 
401 352 381 
 
 
5.3 CONCLUSIONS  
 
The influence of fluorinated kinked moiety units on the polymer properties, 
thermal properties, liquid crystalline behavior and degree of crystallinity were 
investigated. The likelihood of LC texture formation was supported by molecular 
simulations and confirmed by thin film polymerization. From the Metropolis Monte 
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Carlo Simulation, all systems met the minimum persistence ratio requirement (6.42) for 
the formation of LC mesophase.  
 
Both experimental and simulation results suggested that the para-linkage (TFTA) 
was the most favorable system to form the LC phases because of higher persistence ratio, 
linearity and chain straightness. In the early stage of polymerization, TFPA (ortho) 
copolymer most readily produces LC phases due to its low melting point (162°C) and 
potential to create a crankshaft structure, induced by cis-configuration between AAA and 
TFPA moieties. Although the meta-linkage system was the last to form LC domain, it has 
a much higher tendency to yield mesophase than the ortho system. Thus, ortho-
substituted copolymers enjoyed a kinetic advantage over meta-substituted systems in 
forming mesophases, but thermodynamics favors meta over ortho.  
 
For ABA/AAA/TFIA and ABA/AAA/IA (isophthalic acid) reaction systems, it is 
surprising that the former exhibits a much lower critical ABA content than the latter; the 
four fluorine substituents of TFIA contribute to chain rigidity and stabilize the LC 
mesogens.  Conversely, when comparing the ABA/AAA/PA and ABA/AA/TFPA 
systems, replacement of hydrogen atom (PA) by four fluorine substituents (TFPA) in 
ortho-linked copolymers resulted in a dramatic loose of LC character. The fluorine 
substituents in the ortho-position have a higher polarity and electronegativity which 
destroyed the stability of LC phases. Even though these fluorinated moieties exhibit 
different conformations and configurations, they yield similar end-stage crystalline 
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structure. The spherulites are grown from the dark brushes around a single disclination, 






EFFECT OF PYRIDAZINE STRUCTURE ON THIN FILM POLYMERIZATION 





Since the 1970’s, extensive research and the development of thermotropic 
MCLCPs are focusing on polyesters and copolyesters. A number of LCPs, such as 
Xydar® (Amoco), Vectra® (Celanese Hoechst), X-7G® (Eastman), etc., containing HBA 
moiety as a key component, have been commercialized (Cottis et al., 1972; Kuhfuss and 
Jackson, 1973; Chung, 1986; Sawyer and Jaffe, 1986; Economy, 1989; Jaffe et al., 1989; 
Weiss and Ober, 1990). Thermotropic liquid crystalline polyesters reveal good 
mechanical properties, but it is reported that they still have a processing problem due to 
the high transition temperature. Several approaches have been reported to reduce the 
melting temperature of HBA-based LCPs (Sawyer and Jaffe, 1986; Economy, 1989; Jaffe 
et al., 1989; Collyer, 1992, Rybnikar et al., 1994; Chung, 1986, 2001). These approaches 
include introducing flexible aliphatic spacers and incorporating lateral substituents to 
main chain; modifying the regular structure of the main chain with comonomers; adding 
kinks, bent or crankshaft monomers into the linear polymer chains. 
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The earliest work about reducing the melting point of HBA-based LCPs by 
copolymerization approach, which incorporated different sizes of monomers such as HQ 
and TA has been reported by Cottis et al (1973). Subsequently, copolymerization studies 
on MCLCPs have generally focused on asymmetrically HQ-substituted monomers with 
phenyl- (Pletcher, 1976; Kleinschuster, 1976; Krigbaum el al,. 1985; Jin et al., 1987; 
Cheng et al., 1990, 1991; Ghanem, 1990; Avakian et al., 1996; Vijayanathan et al., 2001; 
Hsieh et al., 2001), dimethyl- (Pletcher, 1976; Kleinschuster, 1976), methyl- (Pletcher, 
1976; Kleinschuster, 1976; Jin et al., 1987; Avakian et al., 1996; Hsieh et al., 2001), 
chloro- (Pletcher, 1976; Kleinschuster, 1976; Krigbaum el al,. 1985; Jin et al., 1987; 
Vijayanathan et al., 2001; Xiao el al., 2001), bromo-substitutes (Kleinschuster, 1976; 
Krigbaum el al,. 1985; Jin et al., 1987; Cheng et al., 1990; Demus et al., 1998) and etc. 
DSC characterization, XRD studies and LC phase identifications of varies HQ-
substituted copolymers have been reported by Krigbaum et al. (1985) (chloro-, bromo-, 
phenyl- and hexyl-HQs) and Jin et al. (1987) (chloro-, bromo-, methyl-, and phenyl-HQs). 
Several studies have been conducted to determine the structure formation kinetics and 
phase transition on p-benzenedicarboxylic acid, TA, phenyl-HQ, and (1-phenylethy1)-
HQ by DSC and WAXD (Cheng et al., 1990, 1991; Ghanem, 1990). Vijayanathan et al. 
(2001) synthesized and characterized the physical as well as the thermal stability of 
HBA-based LCPs with phenyl-, methyl-, chloro-, and methoxy-substituted HQ monomer. 
A similar study has been carried out by Avakian et al. (1996) with butyl-, methyl- and 
phenyl-HQ monomeric copolyesters. Hsieh et al. (2001) studied the commercial 
copolyesters HX2000, TA/HQ/phenyl-HQ, and characterized the molecular structure, 
free volume, and physical properties. For these polyesters, the melting point was found to 
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be lower than those of HQ-based LCPs. Xiao et al. (2001) reported that the substitution 
of chloro- and bromo-HQ in polyester with similar molecular structure can exhibit 
different thermal properties and phase transition behavior.  
 
Recently, heteroatom moieties attracted a great deal of interest due to their 
interesting structure features and their future application. Moreover, the heteroatom such 
as pyridazine, pyrine, thiophene etc. based systems posses a strong dipole within their 
structure, and thus may change the polarity, regularity, planarity and even the geometry 
of the main chain. Typically, replacing the nitrogen atoms may slightly alter the ring’s 
shape but the pyridazine heteroatom can enhance the mesogenity as compared to benzene 
ring and other nitrogen-containing six membered rings, such as pyridine, pyrazine, 
triazine, tetrazine and etc. (Demus et al., 1998). To our best knowledge, only two studies 
have been reported on the incorporation of pyridazine (MH) moiety in MCLCPs (Pugh et 
al., 1995; Takehara et al., 1998). 
 
Our approach was to synthesize MCLCPs and incorporate different monomer 
units (ABA, MH, HQ, TFTA) into polymer backbone by in-situ thin film polymerization. 
In this study, we attempted to examine the polymer liquid crystalline heterogeneity and 
the effect of the pyridazine heteroatom in LC formation and transition behavior. In 
addition, several examinations will also be employed to investigate: 1) LC texture 
evolution and morphological changes by polarizing light microscope, 2) phase transition 
and transition kinetics by differential scanning calorimetry, 3) LC and crystalline chain 
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packing by WAXD as well as 4) persistence ratio by molecular science simulation with 
different chain structure regularities 
 
6.2  RESULTS AND DISCUSSION 
6.2.1  Thin-film copolymerization – Liquid Crystalline Texture Evolution and 
Morphological Changes 
 
The morphologies of ABA/HQ/TFTA and ABA/MH/TFTA thin films with 
70/15/15 mol% were investigated by PLM. Figure 6.1 shows the development of LC 
texture and morphological changes during thin film polymerization of the 
ABA/MH/TFTA system at a reaction temperature of 300°C, as example. With the same 
magnification, micrographs in Figure 6.1 were taken from the same area of the same 
sample, except (i) and (ii). The micrographs demonstrate the morphological changes 
during the typical thin film polymerization, which is consisted of 1) the generation of LC 
droplets, 2) the coalescence of the LC domains, 3) the formation of schlieren texture and 
4) the annihilation of disclinations. In the initial stages of polymerization, LC domains 
started to form in the molten monomer phase and separated from the isotropic phase once 
the minimum requirement of persistence ratio for liquid crystallinity was reached. The 
brighter phase that appeared during the initial stages of reaction was the LC domains, 
while the darker phase represented the isotropic melt. Between 80s to 5min, the chain 
growth of oligomers and the combination of LC domains lead to the formation of nematic 
schlieren texture. With increasing the reaction time, polymerization continued to take 
place and a new mesophase (nematic mosaic texture (Nesrullajev et al., 2000, 2002)) 
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begin to form at ca. 10min, as shown in the right-hand side of micrograph. After 30min 
of polymerization, the schlieren texture completely disappeared and the nematic mosaic 
texture can be clearly discerned. This LC texture remained unchanged for further 
polymerization to 2hrs of reaction time. Similar patterns of LC texture evolution and 
morphological changes also can be observed in the early polymerization of 
ABA/HQ/TFTA thin film copolyester. However, domain and crystal texture are 
monitored at the end of reaction, as presented in Figure 6.2 (b).  
70s 75s 80s 90s 
120min30min 








Figure 6.1 Morphology of the 70/15/15 ABA/MH/TFTA polymerization reaction system 
at 300°C for different reaction time. (i) and (ii): disclinations in the nematic mesophase 
by microcracks decoration after quenching to  room temperature 
 
Figures 6.1 (i), (ii), and 6.2 show the micrographs of thin film copolyesters which 
reacted at 300°C for 2hrs and immediately quenched to room temperature. These 
micrographs are taken from different area in a same sample in order to observe the 
integrated LC and crystalline textures changes. LC glass was shown in ABA/MH/TFTA 
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film, whereas the ABA/HQ/TFTA film displayed the crystal and LC domain textures. 
Surprisingly, it was marvellous to observe the disclination by surface microcracks 
decoration for both systems that emerged during solidification of mesophase. Apparently, 
the surface microcracks decoration and disclinations were clearly discerned with higher 
magnifications. Surface microcracks decoration was remarkably presented in the 
ABA/MH/TFTA domain textures as compared to the ABA/HQ/TFTA film. Usually, the 
surface microcracks will appear in nematic polymers with highly rigid chains when the 
molten nematic liquid crystalline is frozen rapidly (Witteler et al., 1993; Hu et al., 2001). 
A possible explanation was the rigid polymer chains tended to form aligned chain 
bundles and fibrils as well as weak lateral interchain cohesion in the nematic melt. 
Therefore, when the LC film was quenched, a crack easily appears along the fibrils 
and/or chain direction. As a result, in a nematic melt, the molecules with well orientation 
and alignment with respect to the director in polydomain texture are clearly represented 











Figure 6.2 Morphology of (a) 70/15/15 ABA/MH/TFTA and (b) 70/15/15 
ABA/HQ/TFTA after 2 hours reaction at 300°C and quenching to room temperature 
 
Figure 6.3 shows that introducing pyridazine heteroatom (ABA/MH/TFTA) into 
the polymer backbone would change the planarity of polymer structure, which will then 
strongly disturb the chain packing. Although pyridazine ring structure may possess a 
stronger polarity than benzene ring, the planarity of the ABA/MH/TFTA system was 
poorer than that of the ABA/HQ/TFTA system. In addition, a polar bond (CN group) in 
the benzene ring may disturb the linearity of bond chain and give a 113° angular 
conformation as compared to the CH group (120°) in benzene ring.  Hence, the symmetry 
of main-chain was lower in ABA/MH/TFTA film. Obviously, pyridazine heterocyclic 
ring interrupted the chain orientation and eventually inhibited the regular chain packing 
of crystallization process. Therefore, the benzene ring, which provided more linear bond 





Figure 6.3 Chain morphology of copolyesters containing 1 repeated unit:                        
(a) ABA/MH/TFTA and (b) ABA/HQ/TFTA  
 
A molecular science simulation was employed to calculate the persistence ratio of 
thermotropic LCPs films. The Flory lattice model is commonly applied to LC systems, 
and supported the importance of molecular structure/geometry to the induction of liquid 
crystallinity (Krigbaum et al., 1989; Shibaev and Lam, 1994). According to Flory and 
Ronca (1979), the critical axial ratio value of the rod molecules thermotropic liquid 
crystallinity is 6.42. Thus, polymers which have a persistence ratio greater than 6.42 tend 
to form stable mesophase. In our study, the calculated persistence ratios for the 
ABA/MH/TFTA and ABA/HQ/TFTA systems were 9.36 and 9.19, respectively. These 
results clearly supported the formation of thermotropic LCPs. However, the simulation 
data indicated that replacement of benzene ring (HQ) by pyridazine structure (MH) does 





6.2.2  FT-IR Characterization 
 
Figure 6.4 represents the typical infrared vibration bands for the monomer 
mixtures and liquid crystalline copolyester film, using 70/15/15 ABA/MH/TFTA system 
as an example. The FT-IR spectrum of the monomer mixtures was characterized by bands 
at 1759cm−1 (vc=o of CH3COO-), 1693cm-1 (vc=o of –COOH) and a broad band in the range 
of 2200 to 3200cm-1 (vO-H of –COOH). Moreover, a band at about 3370cm-1 corresponded 
to the vO-H of the hydroxyl group. The intensities of these characteristic peaks were found 
to gradually decrease with an increase in polymerization time. After a lengthy reaction 
time (complete polymerization), these bands were observed to almost completely 
disappear, and substituted by a new band of ester group at 1738cm-1 which were formed 
in Figure 6.4 (b), clearly indicating the formation of a polyester. Furthermore, the other 
film (ABA/HQ/TFTA) also exhibited similar spectra, confirming that copolymers are 
obtained via thin film polymerization. 
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Figure 6.4 The FTIR spectra of 70/15/15 ABA/MH/TFTA reaction system at 300°C for 
different reaction times: (a) 0min and (b) 2hrs 
 
6.2.3  Phase Transition Behavior 
 
Figure 6.5 shows the DSC second heating and cooling traces of the copolyester 
films between 50 and 350°C at a rate of 20°C/min. For the purpose of comparison, we 
fixed the molar concentration as 70/15/15 for both systems. As shown in Figure 6.5, Tg 
was not detectable by DSC thermograms for both systems. In the thermogram of 
ABA/MH/TFTA system, a single peak can be observed during the heating and cooling 
traces. The onset temperatures for both heating and cooling traces were 281.7 and 
281.9°C, respectively, suggesting that a mesophase transition was exhibited. However, 
two distinguished endothermic peaks and exothermic peaks were detected for the 
ABA/HQ/TFTA system. Presumably, these two thermal transitions may be 
corresponding to crystal Æ nematic Æ isotropic. Nonetheless, this was only an 
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assumption made by the ordinary heating and cooling trace, more results from other 
examinations are needed to confirm and identify the phase transition. The TGA 
examination was also employed to study the thermal stability. The TGA examination 
suggested that the Td for the ABA/HQ/TFTA and ABA/MH/TFTA systems at a 5% 
weight loss were 363 and 358°C, respectively. Since the operating temperature for DSC 
and PLM were below 350°C, no severe decomposition should be taken into consideration.   
 























Figure 6.5 DSC second heating and cooling traces at 20°C/min for (a) 70/15/15 




(a) at 130 °C (b) at 290 °C  
(c) at 305 °C (d) at 320 °C   
Figure 6.6 Polarizing light micrograph showing morphologic changes during heating for 
70/15/15 ABA/MH/TFTA (a) at 130°C, (b) 290°C, (c) 300°C and (d) 310°C 
 
Furthermore, an investigation of the transitions in the copolyesters has been 
conducted at 20°C/min by PLM, as consistent with DSC examination. Figure 6.6 displays 
a series of micrographs for the ABA/MH/TFTA system during heating and cooling. The 
sample was used directly after the thin film polymerization without further treatment. 
When the sample was heated to 290°C, the LC glass started to melt and a sudden colour 
change take place around 300°C (Figure 6.6 (b) and (c)). At ~310°C, isotropic melt was 
observed but the micrograph shows an unevenness of the isotropic melt. Furthermore, 
when the sample was cooled to room temperature, the surface microcracks textures in 
domain mosaic texture can be clearly observed again (Figure 6.6 (f)). These 
morphological changes so far have matched well with the DSC phase transition examined 
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in Figure 6.5 (a). Thus, both PLM and DSC examinations confirmed the LC glass to the 
isotropic transition in ABA/MH/TFTA system. 
 
(a) at room temperature  (b) 280°C 
(f) 325°C  
(c) 290°C 
(e) 310°C (d) 300°C  
20 μm
 
Figure 6.7 Polarizing light micrograph showing morphologic changes during heating for 
70/15/15 ABA/HQ/TFTA (a) at room temperature, (b) 280°C, (c) 290°C, (d) 300°C,              
(e) 310°C and (f) 325°C 
 
Similar to the case of the ABA/MH/TFTA film, phase transitions in the 
ABA/HQ/TFTA system have also been monitored under PLM and are shown in Figure 
6.7. Polydomain nematic texture and crystalline phase are monitored at room temperature, 
but no distinct morphological changes can be examined until 270°C. Interestingly, a 
nematic schlieren texture was clearly detected around 300°C (Figure 6.7 (d)), and 
isotropic melt was displayed with further heating the sample to 325°C. In fact, this 
typical schlieren texture which was observed around 300°C agreed well with the 
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mesophase transition between PH1 and PH2 observed in Figure 6.5 (b). Therefore, the 
phase transition in ABA/HQ/TFTA film during heating should be preliminary concluded 
as crystal Æ nematic Æ isotropic. Similar to the ABA/MH/TFTA system, some 
unevenness in the isotropic melt was also observed in the micrographs. 
 
The obtained texture transformations (nematic, LC glass and crystals) for both 
copolyesters films were uniform, stable, and reproducible by repeated heating/cooling 
cycles. In addition, the thermal transitions that observed by DSC and PLM in Figures 6.5, 
6.6, and 6.7 are also summarized in Table 6.1. The phase transition changes shown under 
PLM were generally consistent with those thermograms monitored by DSC thermograms. 
However, the transition temperatures observed by PLM was slightly greater than those of 
DSC, as PLM was tested in air whereas DSC was tested in nitrogen environment. 
 
Table 6.1 Thermal transitions observed by DSC and PLM during heating for 70/15/15 
ABA/MH/TFTA and ABA/HQ/TFTA systems  
(a Peaks are shown in Figure 6.4, b Temperature range)  
 ABA/MH/TFTA ABA/HQ/TFTA 
Method Transition 1 Transition 1 Transition 2 
DSC
a Tonset = 281.7 °C  
Tpeak  = 295.8 °C  
ΔH    = 10.64 J/g 
Tonset = 271.0 °C  
Tpeak  = 280.2 °C  
ΔH     = 7.2 J/g 
Tonset = 292.9 °C  
Tpeak  = 308.5 °C  
ΔH     =7.8 J/g 
PLM
b 290-310°C 280-295°C 300-335°C 
 
WAXD examination was employed to characterize the chain packing in both 
ABA/MH/TFTA and ABA/HQ/TFTA films. Nematic LCPs usually exhibit an 
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amorphous halo, whereas smectic LCPs display a strong middle-angle X-ray scattering 
(MAXS). In the ABA/MH/TFTA and ABA/HQ/TFTA systems, a broad peak centered at 
2θ ~ 25° suggested that a nematic nature was formed after thin film polymerization, as 
shown in Figure 6.8. On the other hand, two wide-angle X-ray scattering (WAXS) peaks 
are found at 2θ ~ 14 and 28° in ABA/HQ/TFTA system, indicating the presence of 
crystalline phase. Thus, the WAXD experiments clearly supported our DSC and PLM 
results that only nematic phase was formed in the ABA/MH/TFTA film, whereas both 
crystalline and nematic phase were obtained in the ABA/HQ/TFTA film.  

















d = 6.20 
2θ= 14.3°  
d = 3.10 
2θ= 28.8°  
ABA/MH/TFT
 
Figure 6.8 WAXD powder patterns of 70/15/15 ABA/MH/TFTA and ABA/HQ/TFTA 
 
6.2.4  Phase Transition Kinetics Analysis 
6.2.4.1 ABA/MH/TFTA System 
 
The effect of heating curves for the ABA/MH/TFTA film on the phase transition 
is demonstrated in Figure 6.9. In order to ensure all the samples have the same thermal 
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history, the experiment was cooled from 350 to 50°C at 40°C/min. Two distinguishable 
transitions exited in the samples for higher heating rates (40 and 80°C/min) suggested 
that a shoulder transition was observed prior to the endothermic transition. This 
endothermic transition could be represented the nematic glass to nematic phase 
transformation. The endothermic peaks, which shift ~3°C towards a lower temperature 
from 5 to 10°C/min, exhibit little heating rate dependency at a lower cooling rate but 
were independent at higher heating rates. Moreover, no visible changes on the onset 
temperature can be obtained with different heating rates (variation between 282 and 
283°C), which agreed well with the onset temperature for the cooling/heating trace in 
Figure 6.5 (a).  
 
Figure 6.9 Set of DSC heating curves for 70/15/15 ABA/MH/TFTA with different 
heating rates 
 














In addition, the transition kinetics for the mesophase formation was further 
examined by isothermal crystallization kinetics study. Avrami equation (Avrami, 1939, 
1940) is widely used for various LC phase and polymer crystallization processes to 
characterize both mesophase as well as three dimensional crystalline phase formation. 
The mode of nucleation and crystal growth, n is determined using Eq. 6.1, 
(1 exp nktθ = − − )  (6.1) 
where θ is the crystallized fraction in material, k is a temperature-dependent rate constant, 
and t represents the crystallization time. Generally, n is an integer between 1 and 4 for 
different crystallization mechanism. For DSC isothermal crystallization study, θ is 











∫  (6.2) 
where ∆Ht is the enthalpy change at time t, ∆H0 represents the total enthalpy change of 
the system, and Et refers to the energy evolution at time t.  
 
The isothermal crystallization kinetics study was conducted by measuring the 
crystallization trace between 276 to 280°C. By using Arvami equation, the plot for 
relative crystallinity vs. time is demonstrated in Figure 6.10. The Avrami parameter, n, 
calculated from Figure 6.11 was ca. 1.2 following Eqs. (6.1) and (6.2). The n value of 
about 1 suggests that it was a mesophase transition in the ABA/MH/TFTA copolyester. 
The result of isothermal crystallization kinetic parameter was summarized in Table 6.2. It 
is obvious that the temperature-dependent rate constant (k) decreases with increasing 
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crystallization time. We can conclude certainty that DSC, PLM and WAXD studies have 
proven the existence of mesophase (nematic) transition in the ABA/MH/TFTA film.  



























Figure 6.10 Plot of relative crystallinity vs. crystallization time 
 
 















































Figure 6.11 Plot of log (-ln(1-θ)) vs. log t for isothermal crystallization 
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Table 6.2 Results of isothermal crystallization kinetic parameters. 
Tc (°C ) n log k k (×10-3) 
276 1.199 -1.4196 38.1 
277 1.202 -1.4215 37.9 
278 1.201 -1.4851 32.7 
279 1.192 -1.5268 29.7 
280 1.186 -1.5665 27.1 
 
 
6.2.4.2 ABA/HQ/TFTA system  
 
Figure 6.12 illustrates the nonisothermal DSC cooling traces of ABA/HQ/TFTA 
system at different cooling rates. The peak temperatures had shifted to a lower 
temperature with increasing cooling rates. When the cooling rate was as high as 
80°C/min, peaks 1 and 2 were shifted closer. The coalescent of these peaks were 
attributed to the minimum reorganization of polymer chains at higher cooling rate. 
Detailed examination of the cooling curves suggested that the first transition was 
corresponding to the LC transition because the onset temperature for PC1 was cooling rate 
independent. On the other hand, the second transition temperature, designated as PC2 in 
Figure 6.5 (b), moved ~13°C towards a lower temperature when the cooling rate is 
increased from 5 to 80°C/min. This result indicated that this transition was associated 
with a highly ordered solid phase formation. 
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Figure 6.12 DSC cooling curves for 70/15/15 ABA/HQ/TFTA cooled to room 
temperature with different cooling rates 
 
Figure 6.13 demonstrates a set of heating traces of the ABA/HQ/TFTA 
copolyester crystallized at different temperatures and isothermally kept for 60min. These 
samples were directly heated from the crystallization temperature without cooling to 
room temperature. At lower crystallization temperatures, two endothermic transitions 
were found in the heating curves. Figure 6.13 clearly illustrated the merger of two peaks 
into a single peak with increasing the crystallization temperature. It is marvelous to 
observe that peak 1 was eventually disappeared when the crystallization temperature 
reached 280°C. Simultaneously, with further increasing in the crystallization temperature 
(to 290°C), the area of endothermic peaks decreased gradually as well as the relative 
amplitude reduced significantly. Moreover, it is interesting that for a higher 
crystallization temperature (Tc > 280°C), the onset temperature (peak 2) shifts to a higher 
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temperature with increasing crystallization temperature while remain unchanged at a 
lower crystallization temperature (Tc < 280°C). Detailed examination revealed that the 
onset temperature (peak 2) was independent of the crystallization temperature at Tc < 
280°C. This result indicated that a mesophase transition was occurred at about 298°C. In 
Table 6.3, the heats of transitions for ABA/HQ/TFTA copolyester are also listed. When 
the crystallization temperature increases from 260°C to 272°C, the heat of fusion (ΔH) of 
peak 1 decreases dramatically from 10.3 J/g to 4.7 J/g, whereas heat of fusion of peak 2 
remains almost the same. As compared to the total heat of fusion at Tc < 280°C, the total 
heat of fusion remarkably decreases at Tc > 280°C, which most likely resulted from 
nematic to isotropic phase transition greatly occurs above the resulting temperature. 
Figure 6.13 Heating Traces for 70/15/15 ABA/HQ/TFTA crystallized at different 






260 °C  
265 °C  
272 °C  
280 °C  
285 °C  
290 °C  
Crystallized for 60min at 
Peak 2
Peak 1
 Peak 1 Peak 2 
Tc (°C ) Tonset1  (°C ) Tpeak1 (°C ) ΔH1 (J/g) Tonset2  (°C ) Tpeak2 (°C ) ΔH 2 (J/g) ΔH (J/g) (Peak1 + Peak2) 
260 285.1 294.2 10.3 298.1 306.8 15.9 26.2 
265 286.4 294.8 9.4 298.5 307.2 15.5 24.9 
272 290.0 297.2 4.7 298.2 307.2 15.7 20.4 
280       298.9 308.2 13.2 13.2 
285       301.5 310.2 7.5 7.5 
290       303.2 313.8 1.9 1.9 
127









Figures 6.14 and 6.15 represent the heating curves for the liquid crystalline 
ABA/HQ/TFTA film which were isothermally kept for different crystallization time at 
280 and 260°C. Both temperatures were chosen on the basis of the cooling curve for the 
isothermal crystallization study; the first ca. 280°C was slightly below the first onset 
temperature while the second ca. at 260°C was located between the first and second 
transitions. For those samples which are isothermally kept at temperatures higher than 
285°C, the transformation can not be discerned easily due to the weak exothermic signal 
monitored by DSC. For example, after crystallization for 4hrs at 290°C, the ΔH was 
about 2J/g and the corresponding ΔS was only 3.55 ×10-3J/g K.  
 
The effect of crystallization time on the phase transition at 280°C is displayed in 
Figure 6.14. With increasing the crystallization time, the area of endothermic peak (peak 
2) increases gradually. The isothermal crystallization results at 280°C confirmed that 
only one transition exists. At 1min of the crystallization time, relative small amplitude of 
endothermic peak at about 312°C started to develop. Interestingly enough, the peak 
temperature shifted slightly towards a lower temperature, and then eventually went up. 
This phenomenon is not surprising, as the peak temperature started to increase when the 
system has passed the maximum crystallization rates for crystalline and/or mesophase 
transformation (Liu and Chung, 2000). In addition, the liquid crystallinity has been well 
developed within 30min. It was possible to speculate that, after crystallization for 30min, 
polymer chains have enough time to develop and become more orderly packed. Based on 
the DSC results, we should conclude certainty that for the mesophase transition, the onset 
temperature and heat of transition were independent of the crystallization time. 
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 Figure 6.14 DSC heating curves for 70/15/15 ABA/HQ/TFTA crystallized at 280°C for 
different time 
 
Furthermore, crystalline structure could be gradually grown with time by further 
decreasing the holding temperature below 272°C. Detailed examination on Figure 6.15 
revealed the similarity of the endothermic evolution for isothermal crystallization for 
1min at 260°C, but there are striking endothermic transitions occurred for more than 
10min of crystallization time. Prominently, a new peak (peak 1) was perceived at around 
291°C when crystallized for 10min, and eventually shifted to ~295°C for 2hrs, 
corresponding to PH1 in Figure 6.5 (b). This result demonstrated that the corresponding 
peak 1 was gradually increases with time, while peak 2 was almost independent of 
crystallization time at resultant crystallization temperature. As a consequence, this 
analysis also supported the existence of liquid crystalline phase transition at higher 
temperature because the LC phase is independent of crystallization time. On the other 






   
   
   
 






Crystallized at 280°C for  
Peak 2 
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hand, the increase of melting peak temperature (Peak 1) with time during isothermal 
study shall be due to the perfection and subsequent growth of crystals. 
 
Figure 6.15 DSC heating curves for 70/15/15 ABA/HQ/TFTA crystallized at 260°C for 
different time 
 
6.3 CONCLUSIONS   
 
The heteroatom moiety (pyridazine) was incorporated into main-chain copolyester 
to study the LC evolution and phase behavior. The nematic-mosaic texture was found in 
ABA/MH/TFTA film whereas nematic-mosaic and crystal textures were observed in 
ABA/HQ/TFTA system. When the films were quenched, surface microcracks decoration 
was observed in both systems. Introducing the pyridazine unit has effectively interrupted 
the chain planarity, configuration as well as regularity of main-chain and eventually 













Crystallized at 280°C for  
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disturbed the crystallization process. The likelihood of LC phase formation was 
supported by molecular science simulation because they meet the minimum persistence 
ratio requirement (6.42) for LC phase formation.  
 
The transition kinetics of ABA/MH/TFTA and ABA/HQ/TFTA films was 
investigated by DSC. The ABA/MH/TFTA film exhibited only one single peak 
transition. However, two distinct transitions have been observed in the ABA/HQ/TFTA 
system. The Avrami parameter, n was ca.1.2, surface microcracks decoration and WAXD 
spectra confirmed the mesophase transition in the ABA/MH/TFTA film. On the other 
hand, the nonisothermal crystallization studies and WAXD results supported the 
formation of liquid crystalline and crystal phase in ABA/HQ/TFTA copolyester. A 
typical nematic schlieren texture is observed around 300°C by PLM examination further 
confirmed the transformation for ABA/HQ/TFTA system followed this path: crystal Æ 





SURFACE MICROCRACKS DECORATION AND DISCLINATION DEFECTS 
OF WHOLLY AROMATIC LIQUID CRYSTALLINE COPOLYESTERS 
 
7.1  INTRODUCTION 
 
MCLCPs have been used as high performance materials because of their 
sophisticated properties, such as good mechanical properties, good dielectric 
characteristic and excellent thermal stability (Weiss and Ober, 1990; Calundann and Jaffe, 
1982; Silverstein et al., 1991; Chung, 2001). Studies of the disclination in LCPs have 
been received great interest because of their important effect in rheological behavior and 
alignment properties. The disclination defect is a commonly observed phenomenon in LC 
and represents the discontinuity in the director field of mesogen director orientation in 
space. The observation of director fields around disclination is one of the easiest 
techniques to investigate the molecules’ director orientation and understand the possible 
defects in a given ordered medium.  
 
To date, four experimental methods have been developed to investigate the 
molecular director around LCPs disclination: surface microcracks decoration (Witteler et 
al., 1993; Hudson et al., 1993a; Hu et al., 2001a; Wang et al., 1993), band-texture 
decoration (Wood and Thomas, 1986; Hudson et al., 1987; Wang et al., 1994;), lamellar 
decoration (Chen et al., 1993; Ding et al., 1997; Hu et al., 2001b; Zhang et al., 2004; Gu 
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et al., 2004) and focal-conic texture decoration (Hu et al., 2000; Gu et al., 2003). The 
surface microcracks, band-texture decoration and lamellar decorations were reviewed by 
Qian et al. (1995) while focal-conic texture decoration was discovered only in 2000.  
 
Generally, the surface microcracks decoration appears when there is solidification 
of molten LC in thermotropic LCPs (Witteler et al., 1993,; Hudson et al., 1993a; Hu et al., 
2001a) or after evaporation of solvent in a lyotropic LCPs (Wang et al., 1993). For 
thermotropic LCPs, the highly rigid chains molecules that are well oriented tend to form 
aligned chain bundles and/or fibrils in LCPs domains when the molten nematic LC is 
frozen rapidly. During the solidification of LC melt, cracks easily emerge along the 
fibrils and/or chain directions because of the weak lateral interchain cohesion in the 
nematic melt (Hu et al., 2001a). Typically, the mapping of director fields by the surface 
microcracks decoration can be obtained in both MCLCPs and SCLCPs. In MCLCPs, it is 
speculated that the microcracks are along the direction of the chain. Hence, the director 
orientation which is coherent to the direction of polymers’ backbone gives a definite 
image of the director fields around disclination. On the other hand, in SCLCPs, the 
relationship between the director fields of the mesogen units in the side-chain and 
polymers’ backbone are uncertain. Yet, the published literature on director fields of 
disclination is still limited to MCLCPs and/or high rigidity SCLCPs. Basically, this 
decoration method is applicable to thin films, which have about 50μm thickness, and the 
microcracks study is conducted using an optical microscope with or without a polarizer. 
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Several studies involving the formation of surface microcracks by solidification of 
nematic melt have been reported (Witteler et al., 1993,; Hudson et al., 1993a; Hu et al., 
2001a). Witteler et al. (1993) found surface cracks on a solution-cast poly(2,5-didodecyl-
1-4pheneylene) when it was cooled down from its melt, annealing at 150°C as well as 
135°C and followed by a rapid quenching. For these cracks, disclination of strength S = 
±1/2, ±1, and ±3/2 were discovered. Subsequently, two semi-flexible copolyesters were 
studied by Hudson et al. (1993a). A schelieren texture with disclination S = ±1 was 
observed in these thin films using an optical microscope while the surface was found to 
be microcracked with disclination S = ±1/2 using TEM. Hu et al. (2001a) reported the 
observation of the director fields around disclination by solidification-induced band 
texture and surface microcracks decoration. They found that the pre-shearing was a 
crucial step for microcracks formation. A few disclination field patterns, such as S = ±1/2 
and ±1 were observed and connected by the inversion wall in the direction of pre-
shearing.  
 
On the other hand, a study involving the formation of surface microcracks during 
evaporation of solvent was reported by Wang et al. (1993). A film of polydiacetylene 
with urethane as side group was cast from chloroform, displayed a typical schlieren 
texture. After the solvent evaporation, surface microcracks appeared while the schlieren 
texture remained. These cracks revealed the director fields of disclination strength with S 
= ±1/2 and ±1. From the above approaches, it is clearly shown that the studies focused on 
the director fields of strength in disclination core. In addition, although much research 
has been conducted to investigate and understand the disclination core-structure 
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relationship of LC and LCPs, a thorough understanding of the factors that determine the 
creation of topological strength of the disclination is still limited. Furthermore, to our best 
knowledge, 1) the observation of stripe pattern of anisotropic microcracks in the domains 
(nematic-mosaic) texture and 2) the influences of kink-linkage on topological defect of 
disclination have not yet been reported.   
 
The aim of this study was to extend our previous study in Chapter 6 which have 
the pyridazine heteroatom and investigate the topological defects of disclination. In this 
Chapter, we attempted to examine in detail the surface microcracks decoration of para- 
and (ABA/MH/TFTA) meta-linkages (ABA/MH/TFIA) copolyesters using PLM. In 
addition, the effect of reaction temperature and monomer composition on LC and surface 
microcrack formation will also be investigated. A computational simulation (“RIS” 
Metropolis Monte Carlo Simulation) is employed to study the LCPs’ chain properties.  
 
7.2 RESULTS AND DISCUSSION 
7.2.1 Disclination Defects - Surface Microcracks Decoration 
7.2.1.1 ABA/MH/TFTA System 
 
The micrographs in Figure 7.1 (a) show the morphologies of nematic-mosaic 
texture of ABA/MH/TFTA film, which was polymerized at 300°C for 2hrs. After the 
lengthy polymerization, the thin film was quenched rapidly to room temperature. 
Basically, the orientation of macromolecular chains in the nematic melt can be easily 
frozen into a glassy nematic state and lead to surface microcracks decoration. When the 
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sample was quenched to 150°C, birefringence patterns and stripe patterns of anisotropic 
microcracks in the nematic-mosaic texture grow simultaneously, as illustrated in Figure 
7.1 (b). The evolution of microcracks from polyester main-chains may produce a direct 
observation of LC disclination. As increasing the quenching time, the surface 
microcracks decoration becomes sharper and more significant; suggesting that further 
cooling may facilitate and perfect the formation of surface microcracks with good 
orientation. Figure 7.1 (c) and (d) show the surface microcracks decoration and resultant 
pattern of direction fields around disclination. From the micrographs, we observe a 
birefringence pattern of anisotropic microcracks, which reveals director fields of S = +1 
& -½ disclination, and a clearer image is illustrated in Figure 7.1 (d) with a higher 
magnification. Conversely, no disclination with S = -1 has been observed in this polyester 
film. So far, granularity of nematic-mosaic texture evidently shown under the PLM and 
covered a relatively large area of the specimen, indicating the presence of a very large 
number of domains textures.  
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 Figure 7.1 The morphologies of 70/15/15 ABA/MH/TFTA film at different temperatures 
(a) isothermal at 300°C for 2hrs, (b) quenching to 150°C, (c) and (d) the surface 
microcracks decoration of the integral disclination, circular pattern, S = +1 at room 
temperature 
 
Taking the exiting disclination defects for instance, the sketched map of the 
surface microcracks in the ABA/MH/TFTA film is demonstrated in Figure 7.2. Figures 
7.2 (b) and (d) show the mapped molecular director orientation for domain texture and 
disclination with strength S = +1, respectively. It can be seen from the micrograph that 
the polymer chains were organized parallel to the microcracks direction and had a crack 
width about 2μm along the local director. These stripe patterns of anisotropic 
microcracks are an immediate image of molecular director fields and demonstrate the 
spatial distribution of the positive and negative disclinations. Generally, for each domain 












a high symmetry of orientation distribution. These molecules are attributed to the local 
director or disclination, n. Subsequently, the local orientated domains are aligned to 
present the global director orientation, N, of LC. The total sum of the disclination 
strengths in a particular system should be equal to zero, which is in the most stable stage.  
 
Figure 7.2: The surface microcracks decorated PLM micrographs for (a) domain texture 
and (c) disclination of S = +1; (b) and (d) depicted the mapped molecular director 
orientation for (a) and (c).  
 
Based on the micrographs, the following observations can be made: 1) the rigid 
rod-like molecules were aligned with highly symmetric axis of the orientation 
distribution of surface microcracks, 2) the stripes pattern of anisotropic microcracks were 








surrounding domains, and 3) the strength of disclination in S = +1 and –½ are formed in 
multi-domain. Firstly, the LC director alignment in each domain differed from the 
surrounding domains because in an unequal constant case, different domains may have 
different stabilizing energies. The local director mainly came from the alignment of the 
local polymer backbone. Secondly, the adhesion strength in each domain was 
comparatively high to separate the nematic-mosaic texture to an individual domain. This 
phenomenon is due to the ability of a single domain to transform itself to a stable state of 
alignment. According to Answer el al. (1993), domain was a texture which consists of 
rigid molecule chains in the fields’ direction and bounded by walls of miss-orientation. 
Therefore, it is well known that this “wall” may be a big retarding factor and function as 
a boundary to separate a region of highly orientated molecules from others. However, the 
detailed nature of the boundary region of polydomain texture is largely unknown. Lastly, 
most of the S = +1 and –½ disclination may defeat the defect energy in domain textures, 
which are just near the position of disclination core, because evolution is promoted by the 
greater deformation energy during the polymerization. Another possible reason is that the 
disclination cores have relatively high elastic energy density and lead to a significant 
changes in local nematic core (Zhang et al., 2005). Thus, these phenomena suggested that 
the defect energy in disclination core may be greater than in the single domain texture.   
 
Although the mapping technique (Wang et al., 1993; Cheng et al., 1993; Qian et 
al., 1995) is applicable and popular to investigate the director field around disclination, 
the molecular mechanism leading to surface microcracks formation is still unknown. 
Moreover, it is important to consider the feature in determining the creation of 
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topological strength of disclination. Therefore, these factors may further complicate the 
fundamental study of topological defects of disclination in LC system.  
 
7.2.1.2 The ABA/MH/TFIA System 
 
Interestingly, a different kind of disclination defects is observed in 
ABA/AAA/TFIA film. In Figure 7.3, ABA/AAA/TFIA with meta-linkage had pairs of 
disclination strength S = +1 and -1, indicating different defect patterns of disclination as 
compared to the ABA/MH/TFTA system with para-linkage (as illustrated in Figures 7.1 
and 7.2). In nature, disclination tends to form in pairs with the neighboring disclination 
which has opposite strength in order to decrease the elastic distortion energy. Thus, for a 
pair of disclination, it is frequently to monitor an approximately equal numbers of 
positive and negative disclination in a particular system (Wood and Thomas, 1986). 
Although the ABA/MH/TFIA film can exhibit S = -1 disclination, the S = +1 disclination 
still was the dominance disclination core observed. Hu et al. (2001a) indicated that the 
disclination of S = -1 is rarely observed in liquid crystalline polymers. Hence, our result 
agreed well with the previous researchers that reported for disclination core.  
 
Detailed examination of the surface microcracks decoration reveals that the 
ABA/MH/TFTA system tended to form disclination of strength S = +1 and –½, while 
ABA/MH/TFIA tended to develop disclination of strength S = ±1. However, both 
ABA/MH/TFTA and ABA/MH/TFIA systems revealed the striped microcracks 
decoration apart from the defects of disclination. Based on the micrographs obtained, the 
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monomer structures and kink-linkages is one of the major concerns for the defects 
disclination study. Nonetheless, this was only an assumption made by the ordinary 
surface microcracks observation, more results from other examinations are needed to 
confirm and identify this hypothesis. 
 
 
Figure 7.3: The surface microcracks decoration of 70/15/15 ABA/MH/TFIA of the 
integral disclination, circular pattern, (a) S = +1, (b) S = -1 and (c) depicted the mapped 
molecular director orientation for (b)  
 
According to the experimental observation, there may be three different 
mechanisms occurring during the disclination process in our samples. Firstly, for pairs of 
disclination with opposite signs (S = +1 & -½ in ABA/MH/TFTA and S = ±1 in 












deformation energy and eventually form a new disclination. Obviously, this mechanism 
could result in annihilation of both opposite disclination sign to form a monodomain of 
mesophase. The second mechanism is only a disclination with strength of S = +1, -1 or –
½. Usually, this mechanism may lead to a smaller decrease in a defect because they can 
annihilate freely without any influences from the surrounding disclination. It may well be 
the case that ABA/MH/TFIA was likely to be the first mechanism while the 
ABA/MH/TFTA may correspond to the second mechanism. Finally, the third mechanism 
was only a simple disclination in the domain texture, which was no disclination core with 
S = ±1 involve in defect form. Our experimental result suggests that the third hypothesis 
is the most common phenomenon observed in these copolyester films. 
 
On the other hand, we predicted that the strength for S = ±1 and -½ disclination in 
both ABA/MH/TFTA and ABA/MH/TFIA systems may be higher than the stripe pattern 
of microcracks in a single domain. It is possible to speculate that alignment of LC 
director in stripe pattern of microcracks may suspend and/or completely cease when the 
reorganization energy of the molecular orientation was higher than the defect energy. In 
other word, the disclination strength requests greater deformation energy than the defect 
energy in order to present the glassy nematic phase and/or during the polymerization. 
Additionally, elastic constant anisotropy may be a key role in understanding the 
fundamental study of defect of disclination. Ford et al. (1990) reported that the curvature 
of the director orientation with the approached wall effects was dependent on the elastic 
constant of the materials. Moreover, Hudson et al. (1993a) also indicated that the elastic 
constant anisotropy was high at the area very near the core of a singularity. Thus, we may 
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conclude that the defect and reformation energies in line defects (stripe pattern of 
anisotropic microcracks) may be the lowest among the disclination defects.   
 
7.2.2 Computational Simulation 
 
Table 7.1 summarizes the calculated results of polymers chain properties for 
ABA/MH/TFTA and ABA/MH/TFIA copolyesters. According to the Flory’s lattice 
model, the critical axial ratio value of the rod-like thermotropic liquid crystallinity is 6.42 
(Flory and Ronca, 1979). In this study, the calculated persistence ratios for the 70/15/15 
mol% ABA/MH/TFTA and ABA/MH/TFIA were 9.36 and 7.02, respectively, were 
evidence to prove the LC characteristics. Typically, ABA/MH/TFTA with para-linkage 
was predicted to have a higher persistence length and persistence ratio than the 
ABA/AAA/TFIA (meta) system (Cheng, S. X.; Chung, 2000; Donald and Windle, 1992). 
The simulated results do supported the above hypothesis. One plausible explanation is 
due to the fact that the reactivity and chain straightness of TFTA were higher than TFIA 
units, which may result in some bulkiness in the polymer chain. Additionally, the chain 
orientation and packing are prevented to some extent by two symmetrical carbonyl 
groups that are present in the linear TFTA unit, indicating a greater degree of linear 
symmetry and higher packing density in ABA/MH/TFTA system. The incorporation of 
TFIA (meta) unit can effectively reduce 33% of the molar stiffness function and 7% of 
the persistence length as compared to the TFTA (para) system. These phenomena 
provide evidence that the lower intramolecular attractive force and high polarity in meta-
linkages may disturb the stability of the LC phase.  
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Table 7.1 The properties of the random built LCPs chains with 70/15/15 
ABA/MH/TFIA(TFTA) (300 repeated units) at the temperature of 300°C, simulated by 
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> 5.80 6.27 
Persistence length (Å) 41.07 ± 1.56 45.27 ± 1.84 
Diameter (Å) 5.85 ± 0.29 4.82 ± 0.25 
Persistence ratio 7.02 9.36 






) 115.5 172.5 
 
For further understanding the spatial characteristics of polymer chains, our 
calculated simulation results (value of <s2> and <r2>/<s2>) may provide additional 
insight for intermolecular adhesion study. Attaching meta-linkage to molecular rigid 
backbone is a means to reduce the regularity of molecule and decrease the melting 
temperature (Chung 2001). The incorporation of the TFIA (meta) unit can effectively 
reduce 37% of the dynamic mean squared radius of gyration ratio (<s2>) than the 
ABA/MH/TFTA system. This may be plausibly due to the excess electronegative fluorine 
charge in meta-linkage, resulting in an increase in the interstitial space among polymer 
chains. Yet, the meta-linkage tended to introduce the worm-like structure polymer chains 
in the rigid-rod backbone. On the other hand, the value of <r2>/<s2> can be used to 
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characterize the linearity of polymer, the higher the <r2>/<s2> value usually lead to a 
more linear polymer chain. The calculated <r2>/<s2> values increased from meta- to 
para-linkage, indicating that the rigid meta system may form a worm-like structure yet 
reduce the chain linearity.   
 
7.2.3 Effect of Reaction Temperature and Monomer Composition 
 
Figures 7.4 and 7.5 display the effect of reaction temperatures (300, 340 and 
380°C) and monomer compositions (70/15/15, 50/25/25 and 30/35/35 mol%) for surface 
microcracks decoration in ABA/MH/TFTA and ABA/MH/TFIA films. Before discussing 
the influence of reaction temperature and monomers composition for surface microcracks 
evolution, it might be helpful to consider the various factors to form mesophase, such as 
liquid crystallinity, polymers linearity, regularity and rigidity (kinks effect in our study). 
Generally, the formation of mesophase is the essential tool to develop surface 
microcracks decoration. Thus, the ordered domain texture will grow in size during 
polymerization and ready to form microcracks during quenching. Based on this basis, the 
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Figure 7.5: The surface morphologies of ABA/MH/TFIA at different compositions and 
temperatures. 
 
 The effect of reaction temperature on the surface microcracks formation is a 
complicated study because it comprises several competitive factors. For both copolymers 
system, the relatively higher melting points of MH and TFTA request highly enough 
polymerization to produce high molecular weight copolymers and randomly distribute 
along the copolymer chain. Basically, three hypotheses can be drawn from the PLM 
results: (1) liquid crystalline system with a higher molecular weight has higher 
deformation energy for a similar disclination density; (2) the viscosity of the liquid 
crystalline systems with the same molecular weight is lower at a relatively higher 
temperature. Hypothesis (1) and (2) are generally favorable for annihilations and leading 
to decrease the number of disclinations and enlarge the domain areas/size. However, (3) 
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for a comparatively higher polymerization temperature, the polymerization process react 
quickly and viscosity of the polymerization system increases rapidly. For hypothesis (3), 
the texture with a lower disclination density can not be fully developed. This 
phenomenon leads to small domains formation which is unfavorable for the surface 
microcracks formation. The overall effect of reaction temperature on the surface 
microcracks formation is a combination of these competitive factors. The 70/15/15 
ABA/MH/TFTA, 70/15/15 ABA/MH/TFIA and 50/25/25 ABA/MH/TFIA systems are 
most likely dominated by hypothesis (3). On the other hand, 30/35/35 ABA/MH/TFTA 
system is subjected to hypothesis (1) and (2). 
 
As compared to the 50/25/25 mol%, 70/15/15 mol% ABA/MH/TFTA shows a 
clearer microcracks decoration and relatively larger domain size at same reaction 
temperatures. By further decreasing the ABA content, the domain area/sizes reduce 
dramatically. A similar trend of reduction in domain size is also observed in the 
ABA/MH/TFIA system, as demonstrated in Figure 6. Although both simulation and 
experimental confirmed the ABA/MH/TFTA (para) and ABA/MH/TFIA (meta) systems 
for surface microcracks formation, interestingly, former system require a much lower 
critical ABA content for surface microcracks formation than the latter. Only 70/15/15 
mol% ABA/MH/TFTA can show the surface microcracks at various reaction temperatures 
whereas 30/35/35 mol% ABA/MH/TFIA still able to form the surface microcracks at 
380°C. This may be due to the fact that TFIA (212°C) monomer has a lower melting point 
than TFTA (275°C) hence possesses a higher ability for polymerization. Moreover, the 
simulation results (as tabulated in Table 1) suggest that the chain conformations of the 
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ABA/MH/TFIA system are strongly affected by TFIA monomer units. In this case, the 
ability to form surface microcracks is greater in the ABA/MH/TFIA system probably due 
to the intermolecular crack which describes the variation of un-deformed molecules in the 
director fields. This result is consistent with the <s2> result that the lateral interchain 
cohesion in the ABA/MH/TFIA system is relatively weak. Hence, the surface microcracks 
decoration also can be observed in a higher TFIA content. 
 
In addition, crystallization may be a retardant for mesophase and furthermore for 
surface microcracks formation. For some LCPs, the crystal structure will grow in nematic 
LC phase during the polymerization, implicating that the crystalline texture is more stable 
than the mesophase. Figure 7.5 (f) demonstrates the micrograph for 30/35/35 mol% 
ABA/MH/TFIA which reacted at 340°C, crystal texture visibly formed in the film. 
Based on the results obtained, it can be deduced that the crystallization significantly 
affects and prohibits the surface microcracks formation. From both simulation and 
experimental data, there is clear evidence that monomeric structures (ABA, MH and 
TFIA and TFTA, which represent the polymer chain regularity, linearlity and rigidity), 
reaction temperature play an important role in mesophase and surface microcracks 
formation.  
 
7.3 CONCLUSIONS  
 
Both ABA/MH/TFTA (para) and ABA/MH/TFIA (meta) films form surface 
microcracks decoration in nematic-mosaic texture during a rapid quenching. Disclination 
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with strength S = 1 and S = -1/2 are observed in the ABA/MH/TFTA film while both S = 
±1 have been exhibited in the ABA/MH/TFIA system. Apart from these disclination, the 
molecular director fields in nematic-mosaic textures have line defects (stripe pattern of 
anisotropic microcracks) in both films. The weak lateral interchain cohesion may introduce 
easier microcracks. PLM analysis also indicates that the polymer chain regularity, rigidity, 
linearity and monomeric units distribulation & composition affect the mesophase and 
surface microcracks formation. From RMMC results, both systems exhibits persistence 




CONCLUSIONS AND RECOMMENDATIONS 
 
8.1 SUMARRY OF RESULTS 
 
The overall objective of this research study was to synthesize a new family of 
fluorinated MCLCPs through novel thin-film polymerization. In view of this, various 
types of monomer units, such as flexible spacers, kinked monomeric units and pyridazine 
moieties, were incorporated into a series of fluorinated MCLCPs. In-situ thin film 
polymerization, a quick and convenient method, was employed to investigate the whole 
process of LC texture evolutions and reaction kinetics during polymerization as well as 
topological defects of disclination. A computational simulation (“RIS” Metropolis Monte 
Carlo Simulation) was employed to evaluate the probability of LC phase formation and 
products’ character. In addition, the mesophase transition kinetics were further examined 
by DSC and analyzed by the Avrami equation.  
 
Firstly, the effects of incorporating perfluoroalkyl flexible spacers into main-chain 
poly(ester-amide)s were examined. It was found that the longest aliphatic perfluoroalkyl 
spacer (n = 8) tended to induce a crystal phase, whereas short aliphatic spacers (n = 2, 
and 3) appeared to be more favorable in LC formation. Our result indicated that the 
length of repeating unit increases as the system reactivity of crystallization was increased; 
this phenomenon was contrary to the results of previous studies. It is possible that the 
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perfluoroalky unit with a higher -(CF2)- repeating unit and greater symmetry may result 
in a better molecular alignment and thus tend to crystallize. Moreover, the results of the 
critical ANA content indicated that the monomer structure and composition have great 
effects on the reactivity and end-stage of the morphological change. In addition, a higher 
reaction temperature resulted in a lower critical content plausibly due to the rapid 
increases in molecular weight and persistence ratio at high temperatures. As a 
consequence, for the same composition, a higher reaction temperature usually leaded to 
easier and faster formation of LC phase. 
 
Secondly, the kinked tetrafluorobenzene monomeric units were introduced into the 
polymer backbone and the impact of these moieties on the fully hydrogenated and 
fluorinated LC poly(ester-amide)s were further identified. Among the three fluorinated 
LCPs studied, ABA/AAA/TFTA (para) which exhibited the highest linearity, persistence 
ratio and chain stiffness has the greatest tendency to yield the LC phase, followed by 
ABA/AAA/TFIA (meta) and finally ABA/AAA/TFPA (ortho) systems. When comparing 
the requirements of the critical ABA content between meta- and ortho-linkages in fully 
hydrogenated and fluorinated systems, a surprising observation was that the meta-linkage 
has a much lower critical ABA content than the ortho-linkage in hydrogenated systems, 
while the opposite results were found in fluorinated systems. Hence, these results 
suggested that the introduction of fluorine content has an unfavorable LC characteristic in 
the ortho-linkage but a higher potential in the meta-linkage. The meta-linkage 
tetraflurobenzene moiety (TFIA) may enhance the chain rigidity and stabilize the LC 
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mesogens because of their high polarity and electronegativity as well as unique 
configuration (i.e., ring substitution). 
 
Thirdly, the heteroatom core moiety (pyridazine, MH) and hydroquinone moiety 
(HQ) were incorporated into main-chain copolyester to study the LC evolution and LC 
texture formation. The nematic-mosaic texture was found in ABA/MH/TFTA film 
whereas LC domain and crystal texture were observed in ABA/HQ/TFTA system. It is 
possible that the pyridazine unit with a higher polarity has effectively interrupted the 
chain configuration and regularity of the main-chain which disturbed the crystallization 
process. Furthermore, the mesophase transition kinetics of these films were investigated 
by DSC technique and analyzed by Avrami equation. According to the DSC results, the 
ABA/MH/TFTA film exhibited only one single peak transition, however, two distinct 
transitions were observed in the ABA/HQ/TFTA system. The Avrami parameter (n = 1.2) 
confirmed the mesophase transition, nematic glass Æ nematic, in the ABA/MH/TFTA 
film. On the other hand, the nonisothermal crystallization studies suggested mesophase 
transition in ABA/HQ/TFTA copolyester. In addition, a typical nematic schlieren texture 
was observed around 300°C by PLM examination; this finding further confirmed the 
transformation for ABA/HQ/TFTA system followed this path: crystal Æ nematic Æ 
isotropic. 
 
Finally, the director fields of disclination for the pyridazine MCLCPs with para- 
and meta-linkages were analyzed and addressed. Both ABA/MH/TFTA (para) and 
ABA/MH/TFIA (meta) films formed the surface microcracks decoration in nematic-
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mosaic texture during a rapid quenching. Disclination with strength S = 1 and -½ were 
observed in the ABA/MH/TFTA film; however, S = ±1 have been exhibited in the 
ABA/MH/TFIA system. Apart from these disclination, the molecular director fields in 
nematic-mosaic textures have line defects (stripe pattern of anisotropic microcracks) in 
both polyester films. Interestingly, the ABA/MH/TFTA system with meta-linkage tended 
to exhibit the surface microcracks decoration in a lower ABA content and lower reaction 
temperature.  
 
To conclude, this study has demonstrated a successful synthesis of a series of 
fluorinated thermotropic MCLCPs. Our results suggested that the LC phase has a 
profound effect on the kinetics formation, morphological change, degree of crystallinity 
and the crystal structure of the resulting LC phase. Our experimental and computational 
simulation results showed that the formation of LC morphological heterogeneity strongly 
depends on the chain rigidity, aspect ratio and molecular structure. Thus, the physical and 
chemical properties of the newly added moieties have great effects on the LC stability of 
the resultant LCPs. Overall, molecular simulation confirmed that all the above systems, 








8.2 RECOMMENDATIONS FOR FUTURE WORK 
 
Based on the experimental and simulation results obtained, discussion presented 
and conclusion drawn from this research work, the following recommendation may put 
forward some potential areas for further investigation related to the development of 
thermotropic MCLCPs.  
 
8.2.1 Surface Energy Examination 
 
Understanding the relationship among monomer structures, synthesis conditions 
and the end use properties of LCPs is one of the most important research focuses in 
synthesizing and/or molecular designing new LCPs. Our research study mainly focused 
on the synthesis of new MCLCPs and evaluation the structural-properties relationship of 
the polymer liquid crystallinity. The end use properties of our synthesized MCLCPs are 
not explored in this research study. Based on our research work, it is highly 
recommended that further studies should focus on the contact angle and surface energy 
studies, which are one of the essential tools to design a new class of material for high-
strength polymers, fiber reinforcement composites and electronic devices applications. 
Moreover, a good adhesion of polymer to a metal is an important consideration in the 
area of microelectronic applications. Knowledge of the wetting and surface properties can 
provide valuable information relating to the adhesion behavior. It would be interesting to 
create a fluorinated surface in order to establish some constructive properties for these 
materials, such as low coefficient of friction, chemical inertness and low dielectric 
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constant. Thus, these fluorinated LCPs can be further designed to obtain a lower surface 
energy as well as excellent surface tension and interracial tension properties for the above 
application. The Contact Angle Goniometer and X-ray Photoelectron Spectroscopy (XPS) 
will be the chief experimental techniques to be used in future study. 
 
8.2.2 Crystallization Mechanisms Study 
 
Based on the results (morphology changes) obtained in this research study, 
another possible direction for this research work is to investigate the crystalline structure 
of the resulting polymers. According to the texture evolution and morphological change 
during the whole polymerization reaction, crystallization appeared to be a major retardant 
of the mesophase formation. Thus, the crystallization process has a profound effect on the 
mesophase kinetics formation, morphological change and degree of liquid crystallinity. 
Therefore, understanding the fundamentals of crystallization mechanisms for LCPs is an 
essential idea to delay the crystal texture formation and design new LCPs.   
 
8.2.3 Solubility Investigation 
 
In LC science, the solubility of the thermotropic LCPs is very important for the 
LCPs’ solubility properties and degree of polymerization study. Unfortunately, our 
samples do not dissolve in common solvent or even special solvents, such as 3,5- 
bis(trifluoromethyl)phenol (BTMP) and pentafluorophenol (PFP) commonly used for 
LCPs. This is embarrassing with respect to the study of the relationship of chain structure 
 156
and liquid crystallinity. It appears that there is no solution for the above problem in the 
current study and technology. However, we believe that a special treatment and/or a 
powerful solvent may be able to dissolve the thermotropic LCPs in future. In such case, 
the molecular weight, persistence length and the chain diameter could be obtained 
through static light scattering and gel permeation chromatography. 
 
8.2.4 Introduction of Nitrogen Heterocyclic and Halogen Moieties 
 
Lately, heteroatom moieties attracted a great deal of interest due to their 
interesting structure features and their future application. In our study, pyridazine moiety 
was introduced into fluorinated liquid crystalline polyesters and investigated the LC 
texture generation as well as the phase transition kinetics. Further study may introduce 
other nitrogen heterocyclic six-membered rings, such as pyridine, pyrazine, triazine and 
tetrazine to polymer main chain. Generally, replacement the nitrogen atoms in benzene 
ring (CH group) may slightly alter the ring’s shape but change the intermolecular 
attraction due to the introduction of large electric dipoles and change of electronic 
properties. Therefore, a full understanding of nitrogen heterocyclic six-membered rings 
on LC formation yet surface micro-cracks can be studied in future. Moreover, others 
halogen atoms as ring substitution, such as bromine, chlorine and iodine can introduce to 
study the impacts of size on planarity and polarity on LC formation as well as resultant 
product’ properties. In addition, the effect of fluorine contents on CTE to investigate the 
dielectric constant would be useful information for future LCP study. 
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8.2.5 Effect of Catalysts and Substrate Materials on the Polymerization Reaction 
 
Introduction of catalysts may enhance certain chemical reactions. Thus, this study 
will help to optimize the influence of catalyst on the thin film polymerization reaction 
and further determine their effects. Several effective catalysts for the polycondensation of 
wholly polyester systems are: 1) derivatives of alkali metals and alkali-earth metals such 
as acetates, carboxylates and oxides of said metals, 2) metals such as titanium, 
manganese, cobalt, zinc, tin, antimony, lanthanum as well as cerium and 3) organic and 
inorganic salts. However, the introduction of catalysts can affect the colour and the 
thermal stability of the final product.  
 
Moreover, different substrate materials will lead to various types of morphology 
and orientation of polymers. The study on rubbing-induced molecular alignment and its 
relaxation may help to understand nature of the molecular dynamics. Since all our 
samples were prepared in normal glass plate, future study on the rubbing glass plates as 
well as other surface modification such as gold-, platinum- and carbon-on-glass 
substrates may be introduced for the mesophase formation and molecular alignment.  
 
8.2.6 Study on Annihilation of the Defects during Polymerization  
 
Based on the results obtained, we have conducted studies on topological defect of 
disclination (surface microcracks decoration, as shown in Chapter 7). However, 
annihilation of the defects during polymerization is another interesting disclination 
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phenomenon in LCPs study. The annihilation of the defects can determine the 
morphology of the final product and also strongly affects the properties of LCPs. Thus, it 




Aharoni, S.M. Hydrogen-Bonded Highly Regular Strictly Alternating Aliphatic-Aromatic 
Liquid-Crystalline Poly(ester amides), Macromolecules, 21, pp. 1941-61. 1988. 
 
Amaranatha, R.R. and B.K. Sadashiva. Influence of Fluorine Substituent on the 
Mesomorphic Properties of Five-Ring Ester Banana-Shaped Molecules, Liq. Cryst., 30, 
pp. 1031-1050. 2003. 
 
Answer, A. and A.H. Windle. Magnetic Orientation and Microstructure of Main-Chain 
Thermotropic Copolyesters, Polymer, 34, pp. 3347-3357. 1993. 
 
Avakian, P., J.C. Coburn, M.S. Connolly and B.B. Sauer. Dynamic Mechanical and 
Dielectric Relaxation in a Series of Main Chain Thermotropic Liquid Crystalline 
Polyesters, Polymer, 37, 3843-3850. 1996. 
 
Avrami, M.J.  Kinetics of Phase Change. I. General Theory, J. Chem. Phys., 7, pp. 1103-
1108. 1939.  
 
Avrami, M.J. Kinetics of Phase Change. II. Transformation-Time Relation for Random 
Distribution of Nuclei, J. Chem. Phys., 8, pp. 212-216. 1940. 
 
 160
 Baumgärtel, H., E.U. Franck and W. Grünbein, H. Stegemeyer (ed). Topics in Physical 
Chemistry, Vol. 3, Liquid Crystals, pp. 1-142, New York: Steinkopff Darmstadt Springer. 
1994. 
 
Bhowmik, P.K., X.B. Wang and H.S. Han. Main-Chain, Thermotropic, Liquid-
Crystalline, Hydrogen-Bonded Polymers of 4,4’-Bipyridyl with Aliphatic Dicarboxylic 
Acids, J. Polym. Sci. Polym. Chem., 41, pp. 1282-1296. 2003. 
 
Bicerano, J. Chain Stiffness of Liquid Crystalline Polyesters. 1. Characteristic Ratio and 
Persistence Length, Computational and Theoretical Polymer Science, 8, pp. 9-13. 1998. 
 
Bladon, P. and D. Frenkel. Simulating Polymer Liquid Crystals, J. Phys: Condens Matter, 
8, pp. 9445-9449. 1996. 
 
Bracon, F., F. Guittard, E.T. Givenchy and S. Geribaldi. New Fluorinated Monomers 
Containing An Ester Function in the Spacer, Precursors of Side Chain Liquid Crystalline 
Polysiloxanes, Polymer., 41, 7905-7913. 2000. 
 
Broston, W. Mechanical and Thermophysical Properties of Polymer Liquid Crystals. 
London: Chapman & Hall. 1998. 
 
Calundann, G.W. (Celanese). Polyester of 6-Hydroxy-2naphthoniic Acid and Para-
hydroxy Benzoic Acid Capable of Readily Undergoing Melt Processing, US Patent, 
4,161,470. 1979. 
 161
 Calundann, G.W. and M. Jaffe. Anisotropic polymers, their synthesis and properties, 
Proceedings of The Robert A., Welch Conferences on Chemical Research, XXVI., pp. 
247, Houston, Texas: Synthetic Polymers. 1982. 
 
Cerius2 Simulation Tool User’s Reference, Molecular Simulations Software for Material 
Science, San Diego, CA: Molecular Simulation Inc. 1996. 
 
Chandrasekhar, S. Liquid Crystals, Second edition, Chapter 1-3, Cambridge: Cambridge 
University Press. 1992.  
 
Chang, S. and C.D. Han. A Thermotropic Main-Chain Random Copolyester Containing 
Flexible Spacers of Differing Lengths. 2. Rheological Behavior, Macromolecules, 30, pp. 
1656-1669. 1997. 
 
Chen, B.Q., A. Kameyama and T. Nishikubo. New Polymers with Mesogens in the Side 
Chain and Kinked Aromatic Structures in the Main Chain from the Polyaddition of 
Bis(epoxide)s and Di(ester)s, J. Polym. Sci. Polym. Chem., 38, pp. 988-998, 2000. 
 
Chen, S.X., W.H. Song, Y.Z. Jin and R.Y. Qian. Banded Texture Decoration of 
Disclination in A Main Chain Thermotropic Aromatic Copolyester Observed by Optical 
Microscopy, Liq. Crsyt., 15, pp. 247-254. 1993. 
 
 162
 Cheng, S.X., T.S. Chung and S. Mullick. Novel Thin-Film Polymerization and Time 
Evolution of Liquid Crystal Texture during Polymerization, Chem. Eng. Sci., 54, pp. 
663-674. 1999a. 
 
Cheng, S.X., T.S. Chung and S. Mullick. Effects of Monomer Structures on Evolution of 
Liquid-Crystal Texture and Crystallization during Thin-Film Polymerization, J. Polym. 
Sci. Polym. Phys., 37, pp. 3084-3096. 1999b. 
 
Cheng, S.X. and T.S. Chung. Phase Separation and Coalescence, Annihilation of Liquid 
Crystal Textures during Polymerization of Main-Chain Liquid Crystalline Polyesters, J. 
Phys. Chem., B103, pp. 4923-4932. 1999.  
 
Cheng, S.X. and T.S. Chung. Configuration Effects of Ortho, Meta, and Para Linkages on 
Liquid Crystallinity during Thin-Film Polymerization of Poly(ester-amide)s, J. Polym. 
Sci. Polym. Phys., 38, pp. 2221-2231. 2000. 
 
Cheng, S.X. and T.S. Chung. Investigation of the Effect of an Ether Moiety on the Liquid 
Crystallinity by Thin Film Polymerization, Macromol. Chem. Phys., 203, pp. 122-128. 
2001. 
 
Cheng, S.X. and T.S. Chung. Effect of a Fluorine Lateral Moiety on the Liquid 
Crystallinity of Wholly Aromatic Polyester-amides, Polymer, 43, pp. 7433-441. 2002. 
 
 163
 Cheng, S.Z.D., A.Q. Zhang, R.L. Johnson, Z. Wu and H.H. Wu. Kinetics of mesophase 
transitions in thermotropic copolyesters. 3. Poly[(phenyl-p-phenylene terephthalate)-co-
[(1-phenylethyl)-p-phenylene terephthalate]] copolyester, Macromolecules, 23, pp. 1196-
1202. 1990. 
 
Cheng, S.Z.D., R.L. Johnson, Z. Wu and H.H. Wu. Kinetics of Mesophase Transitions in 
Thermotropic Copolyesters. 4. Pendant Side-Group Effect, Macromolecules, 24, pp. 150-
157. 1991. 
 
Chiellini, E., M. Giordano and D. Leporini (ed). Structure and Transport Properties in 
Organized Polymeric Material, pp. 23-94, Singapore: World Scientific. 1997. 
 
Chung, T.S. The Recent Developments of Thermotropic Liquid Crystalline Polymers, 
Polym. Eng. Sci., 26, pp. 901-919. 1986. 
 
Chung, T.S. and G.W. Calundann, A.J. East. Liquid Crystalline Polymers and Their 
Applications, Encyclopedia of Engineering Materials, 2, pp. 625-675. 1989. 
 
Chung, T.S., M. Cheng, P.K. Pallathadka and S.H. Goh. Thermal Analysis of Vectra 
B950 Liquid Crystal Polymer, Polym. Eng. Sci., 39, pp. 953-962. 1999. 
 
 164
 Chung, T.S. and S.X. Cheng. Effect of Catalysts on Thin Film Polymerization of 
Thermotropic Liquid Crystalline Copolyester, J. Polym. Sci. Polym. Chem., 38, pp.1257-
1269. 2000. 
 
Chung, T.S., K.X. Ma and S.X. Cheng. The Effect of –(C6F4)–  on the Surface Free 
Energy of Main-Chain Liquid Crystalline and Crystalline Polymers, Macromol. Rapid 
Commun., 22, pp. 835-841. 2001. 
 
Chung T.S. (ed). Thermotropic Liquid Crystal Polymers-Thin-Film Polymerization, 
Characterization, Blend and Application, Chapter 1-4, Lancaster, Pa: Technomic Pub. Co. 
2001. 
 
Ciferri, A. (ed). Liquid Crystallinity in Polymers: Principles and Fundamental Properties, 
pp. 97-143, New York: VCH Publishers. 1991. 
 
Collyer, A.A. Thermotropic Liquid Crystal Polymers for Engineering Application, Mater. 
Sci. Tech., 5 pp. 309-322. 1989. 
 
Collyer, A.A. (ed). Liquid crystal polymers: From Structure to Application, Chapter 1, 2, 
8, London: Elsevier Applied Science. 1992.  
 
Cottis S.G, J. Economy and B.E. Nowak, (Carborundum). p-Oxybenzoyl Copolyesters, 
US Patent, 3,637,595, 1972. 
 165
  
Cottis S.G. Aromatic Polyesters as High-Performance Engineering Plastics, Techinical 
Papers – Society of Plastics Engineers, 20, pp. 496-468. 1974. 
 
Cottis S.G., J. Economy and L.C. Wohrer (Carborundum). Process for Spinning High 
Modulus Oxybenzoyl Copolyester Fibers, US Patent, 3,975,487. 1976. 
 
de Gennes, P.G. and J. Prost. The Physics of Liquid Crystals, Chapter 3, 4, New York: 
Clarendon Press. 1993. 
 
de Gennes, P.G. Mol. Cryst. Liq. Cryst. (Lett), 34, pp.177. 1977. 
 
Deex, O.D. (Monsanto). Liquid Crystal Copolyesters, US. Patent, 4,444,980. 1984. 
 
Demus D., Y. Goto, S. Sawada, E. Nakagawa, H. Saito and R. Tarao. Trifluorinated 
Liquid Crystals for TFT Displays, Mol. Cryst. Liq. Cryst., 260, pp.1-21. 1995. 
 
Demus, D. J. Goodby, G.W. Gray, H.W. Spiess and V. Vill. Handbook of Liquid Crystals, 
Vol. 1: Fundamentals. Weinheim: Wiley-VCH, pp. 1-137. 1998. 
 
Dicke, H.R. and R.W. Lenz. Liquid Crystal Polymers. 14. Synthesis and Properties of 
Thermotropic Poly(1,4-alkylphenylene terephthalates), J. Polym. Sci. Polym. Chem. Ed. 
21 pp. 2581-2588. 1983.   
 166
  
Dierking, I. Texture of Liquid Crystals, Weinheim: Wiley-VCH. 2003. 
 
Ding, J.D., Y.H. Hu and Y.L. Yang. Occurrence of Both Sinusoidal and Zigzag 
Supermolecular Structure Associated with Bend Textures in a Liquid Crystalline Polymer, 
Polymers for Advanced Technologies, 8, pp. 155-160. 1997. 
 
Donald, A.M. and A.H. Windle. Liquid Crystalline Polymers, Chapter 1-4, Cambridge: 
Cambridge University Press. 1992. 
 
East, A.J., A.F. Charbonneau and G.W. Calundann. Poly(ester-amide) Capable of 
Forming An Anisotropic Melt Phase Derived from 6-hydroxy-2-naphthoic Acid, 
Dicarboxylic Acid, and Aromatic Monomer Capable of Forming An Amide Linkage, US 
Patent, 4,330,457. 1982. 
 
Economy, J. Aromatic Polyesters of p-Hydroxybenzoic Acid, Mol. Cryst. Liq. Cryst., 
169, pp. 1-22 .1989. 
 
Finkelmann, H., M. Happ, M. Portugall and H. Ringsdorf. Liquid Crystallne Polymers 




 Flory P.J. Phase Equilibriums in Solution of Rodlike Particles, Proc. Roy. Soc. (London), 
A234, pp. 73-89. 1956. 
 
Flory P.J. and G. Ronca. Theory of Systems of Rodlike Particles. II. Thermotropic 
Systems with Orientation-Dependent Interactions, Mol. Cryst. Liq. Cryst. 54, pp. 311-
330. 1979. 
 
Ford J.R., D.C. Bassett and G.R. Mitchell. Morphology of a Main Chain Liquid Crystal 
Polymer Containing Semi-Flexible Coupling Chain, Mol. Cryst. Liq. Cryst., 180, pp.233-
243. 1990. 
 
Fornasieri, G., F.R. Guittard and S.G. Ribaldi. Influence of the Structure of the 
Mesogenic Core on the Thermotropic Properties of ω-Unsaturated Fluorinated Liquid 
Crystals, Liq. Cryst., 30, pp. 251-. 2003. 
 
Foulger, S.H. and G.C. Rutledge. Monte Carlo Simulations of a Liquid Crystal Copolymer 
in the Solid State, J. Polym. Sci. Polym. Phys., 36, pp. 727-741. 1998. 
 
Georgiev, G., G. Nathan, P. Cebe and M. Capel. Phase transitions and structural 
parameters of HIQ-40 liquid crystalline co-polyester, Polymer, 45, pp. 3429–3440. 2004. 
 
 168
 Ghanem, A.M., L.C. Dickinson, R.S. Porter and A.E. Zachariades. On the Melting 
Behavior of a Thermotropic Rigid Random Copolyester Based on Terephthalic Acid and 
Substituted Hydroquinones, J. Polym. Sci., Polym. Phys., 28, pp. 1891-1902. 1990. 
 
Gonzalez, J.M.; M.E. Munoz, M. Cortazar, A. Santamaria and J.J. Pena. Rheological and 
Thermal Properties of a Commercial Liquid-Crystalline Poly(ester amide). Polym. Sci. 
Polym. Phys., 28, pp. 1533-1550. 1990.   
 
Gray, G.W. and P.A. Winsor (ed). Liquid Crystals & Plastics Crystals, Vol.1, pp. 1-102, 
New York: John Wiley & Sons. 1974. 
 
Griffin B.P. and M.K. Cox. Thermotropic Polyesters with Nonlinear Links, Brit. Polym. 
J., 12, pp.147-153. 1980. 
 
Gu, Q.C., C.C. Wu, S.X. Chen and Y. Huang. Direct Observation of Disclinations by 
Solidification-Induced Band Texture and Focal-Conic Texture for A Low Mass Liquid 
Crystal, Liq. Cryst., 30, pp. 117-123. 2003. 
 
Gu, Q.C., C.C. Wu, S.X. Chen and Y. Huang. Direct Decoration of Disclination by 
Solidification-Induced Band Texture for a Nematic Side Chain Liquid Crystalline 
Polymers, Liq. Crsyt., 31, pp. 519-524. 2004. 
 
 169
 Hadershi, D., S. Nazarenko, C.M. Cheng, A. Hiltner and E. Baer. Crystallization of a 
Copolyester in Microlayers and Blends with Polycarbonate, Macromol. Chem. Phys., 196, 
2545-2561. 1995. 
 
Hashimoto, T., A. Nakai, T. Shiwaku, H. Hasegawa and R.S. Rojstaczer. Small-Angle 
Light Scattering from Nematic Liquid Crystals: Fluctuations of Director Field due to 
Many-Body Interactions of Disclinations, Macromolecules, 22, pp. 422-429. 1989. 
 
He CB and A.H. Windle. Persistence Lengths of Aromatic Polyamides: A Computer 
Simulation Approach, Marcomol. Theory Simul., 4, pp. 289-304. 1995. 
 
He, C.B., Z.H. Lu, L. Zhao and T.S. Chung. Synthesis and Structure of Wholly Aromatic 
Liquid–Crystalline Polyesters Containing Meta- and Ortholinkages, J. Polym. Sci. Polym. 
Chem., 39, pp. 1242-1248. 2001. 
 
Hiyama, T. Organofluorine Compounds: Chemistry and Application, Chapter 6, New 
York: Springer. 2000. 
 
Hopken, J. and M. Moller, M. On the Morphology of (Perfluoroalkyl)alkanes, 
Macromolecules, 25, 2482-2487. 1992. 
 
Hsieh, T.T., C. Tiu and G.P. Simon. Correlation between Molecular Structure, Free 
Volume, and Physical Properties of a Wide Range of Main Chain Thermotropic Liquid 
Crystalline Polymers, J. Appl. Polym. Sci., 82, pp. 2252-2267. 2001. 
 170
  
Hu, Z.M., S.X. Chen, S.F. Zhang and R.Y. Qian. Director Fields of Disclinations in the 
Nematic Mesophase Decorated by Focal-Conic Texture for Side-Chain Liquid 
Crystalline Polymers, Macrocal. Chem., Rapid Commum., 21, pp. 1028-1031. 2000. 
 
Hu, Z.M., S.X. Chen and R.Y. Qian. Direct Observation of Director Fields of 
Disclinations in the Nematic Mesophase of a Main Chain Thermotropic Aromatic 
Polyester by Surface Microcrack Decoration, Liq. Crsyt., 28, pp. 451-455. 2001a. 
 
Hu, Z.M., S.X. Chen, S.F. Zhang and R.Y. Qian. Shear-Induced Band Texture of Side 
Group Liquid Crystalline Polymers, Liq. Crsyt., 28, pp. 503-509. 2001b. 
 
Hudson, S.D., E.L. Thomas and R.W. Lenz. Imaging of Texture and Defects of 
Thermotropic Liquid Crystalline Polyesters by Electron Microscopy, Mol Cryst. Liq. 
Cryst., 153, pp. 63-72. 1987. 
 
Hudson, S.D., F.W. Fleming, E. Gholz and E.L. Thomas. Disclination Core Structure in 
Rigid and Semiflexible Main-Chain Polymer Nematic Liquid Crystals, Macromolecules, 
26, pp. 1270-1276. 1993a.  
 
Hudson, S.D., A.J. Lovinger, R.G. Larson, D.D. Davis, R.O. Garayt and K. Fujishiro. 
Detection of Nematic-Smectic Phase Transition in a Semiflexible Main-Chain Liquid 
Crystalline Polymer. Macromolecules, 26, pp. 5643-5650. 1993b. 
 171
  
Inoue, T., M. Kakimoto, Y. Imai and J. Watanabe. Synthesis of Simple Main-Chain Type 
Polyimides Derived from Aliphatic Diamines and 4,4’’-Terphenyltetracarboxylic Aacid, 
and Their Thermotropic Liquid Crystalline Behavior, Macromol. Chem. Phys., 198, pp. 
519-530. 1997. 
 
Ishikawa, H., A. Toda, H. Okada and H. Onnagawa. Relationship between Order 
Parameter and Physical Constants in Fluorinated Liquid Crystals, Liq. Cryst., 22, pp. 
743-747. 1997. 
 
Jackson, W.J. and H.F. Kuhfuss. Liquid Crystal Polymers. I. Preparation and Properties 
of p-hydroxybenzoic Acid Copolyesters J. Polym. Sci. Polym. Chem. Ed., 14, pp. 2043-
2058. 1976. 
 
Jackson, A.J. and H.F. Kuhfuss. Liquid Crystal Polymers. III. Preparation and Properties 
of Poly(ester amides) from p-Aminobenzoic Acid and Poly(ethylene terephthalate), J. 
Appl. Polym. Sci., 25, pp. 1685-1694. 1980. 
 
Jackson, W.J. Contemporary Topics in Polymer Science, vol. 5, ed. Vandenberg E. J. 
New York: Plenum Press. 1984. 
 
Jaffe, M., G. Calundan and H.N. Yoon. Handbook of Fiber Science and Technology, vol. 
3, pp. 83, New York: Marcel Dekker. 1989. 
 172
  
Jaffe, M., M.I. Haider, J. Menczel and J. Rafalko. Thermal Characterization of High-
Performance PBI and 6F Polymer and Their Alloys, Polym. Eng. Sci., 32, pp. 1236-1241. 
1992. 
 
Janulis, E.P., J.C. Novack, G.A. Papapolymerou, M. Tristani-Kendra and W.A. Huffman, 
Fluorinated Ferroelectric Liquid Crystals, Ferroelectric, 85, pp.375-384. 1988. 
 
Jin, J.I., E.J. Choi and B.W. Jo. Properties of Poly(p-phenylene terephthalates) Prepared 
from 2-Nitro- and 2-Bromoterephthalic Acids and Substituted Hydroquinones, 
Marcomolecules, 20, pp. 934-939, 1987. 
 
Jin, J.I. and C.S. Kang. Thermotropic Main Chain Polyesters, Prog. Polym. Sci., 22, pp. 
937-.973. 1997. 
 
Kelker, H. and R. Hatz (ed). Handbook of Liquid Crystals, Chapter 2, 3, Basel: Verlag 
Chemie. 1980. 
 
Keller, P., B. Carvalho, J.P. Cotton, M. Lambert, F. Moussa and G. Pepy. Side Chain 
Mesomorphic Polymers: Studies of Labeled Backbones by Neutron Scattering, J. de 
Phys., Letts., 46, pp. 1065-1071. 1985. 
 
 173
 Kleinschuster, J.J., T.C. Pletcher and J.R. Schaefgen (Du Pont), Belg. Patent 828,935. 
1975. 
 
Kleinschuster, J.J. (Du Pont). Polyesters of Derivatives of Hydroquinone and 
Bis(carboxyphenyl)ether, US Patent, 3,991,014. 1976. 
 
Krigbaum, W.R., H. Hakemi and R. Kotek. Nematogenic Polymers Having Rigid Chains. 
1. Substituted Poly(p-phenylene terephthalates), Macromolecules, 18, pp. 965-973, 1985. 
 
Krigbaum W.R., G. Brelsford and A. Ciferri. Origin of Thermotropicity in Polymer 
Liquid Crystals, Macromolecules, 22, pp. 2487-2491. 1989. 
 
Kuhfuss, H.F. and W.J., Jackson (Eastman Kodak). Process for Preparing a Final 
Copolyester by Reacting a Starting Polyester with an Acyloxy Aromatic Carboxylic Acid, 
US Patent, 3,778,410. 1973. 
 
Kuhfuss, H.F. and W.J., Jackson (Eastman Kodak). Copolyester Prepared from 
Polythylene Terephthalate and an Acyloxy Benzoic Acid, US Patent, 3,804,805. 1973. 
 
Kumar, A. and S. Ramakrishnan. Effect of Branching and Molecular “Kinks” on the 
Properties of Main Chain Thermotropic Liquid Crystalline Polymers Containing Flexible 
Spacers, Macromolecules, 29, pp. 8551-8553. 1996. 
 
 174
 Kwolek, S.L. (Du Pont). Poly(p-benzamide) Composition, Process and Product, US 
Patent, 3,600,350. 1971. 
 
Kwolek, S.L. (Du Pont). Optically Anisotropic Aromatic Polyamide Dopes, US Patent, 
3,671,542, 1972. 
 
Kwon, S.I. and I.J. Chung. Effects of Temperature and Molecular Structure on 
Rheological Properties of TLCP with Flexible Units in a Main Chain, Mol. Cryst. Liq. 
Cryst., 254, pp. 369-386. 1994.   
 
Kyotani M., A. Kaito and K. Nakayama. Processing and Mechanical Properties of 
Strands of Liquid Crystalline Copolyester and Copolyesteramide, Polymers & Polymer 
Composites, 2, pp. 173-80. 1994. 
 
Lehmman, O. Flieβende Kristalle and Z. Physik. Chem., 4, pp.462-464. 1889. 
 
Liu, J., F. Rybnikar and P.H. Geil. Lamellar and Whisker Single Crystals of Poly(2,6-
oxynaphthoate). J. Polym. Sci. Polym. Phys., B30, pp. 1469-1482. 1992. 
 
Liu, J., F. Rybnikar and P.H. Geil. Morphology of Solution and Melt-Polymerized 
Poly(p-oxybenzoate/2,6-naphthoate) Copolymers: Single Crystals, Disclination Domains, 
and Superlattices, J. Macromol. Sci. Phys., B35, pp. 375-410. 1996. 
 
 175
 Liu, J.G., Z.X. Li, J.T. Wu, H.W. Zhou, F.S. Wang and S.Y. Yang. New Liquid-Crystal 
Alignment Agents Based on Fluorinated Polyimides with Trifluoromethyl-Substituted 
Benzene or Diphenylether in the Side Chain, J. Polym. Sci. Polym. Chem., 40, pp. 1583-
1593. 2002. 
 
Liu, S.F. and Y.D. Lee. Liquid Crystal Polyarylates Containing 2,6-Naphthalene 
Dicarbonyl Group. I: Effects of Kinky Monomers on Thermal and Anisotropic Behaviors. 
J. Polym. Res., 1, pp. 273-84. 1994. 
 
Liu, S.L. and T.S. Chung. Crystallization and Melting Behavior of Regioregular Poly(3-
dodecylthiophene), Polymer, 41, pp. 2781-2793. 2000. 
 
Liu, X.H., I. Manners and D.W. Bruce. Mesomorphic Di- and Tetra-fluorinated Imines 
and their Complexes with ReI, J. Mater. Chem., 8, pp. 1555-1560. 1998. 
 
Luckhurst, G.R. The molecular Physics of Liquid Crystals, edited by G.R Luckhurst, 
G.W. Gray. London: Academic Press, Chapter 4. 1979. 
 
Mantia, F.P.L. and P.L. Magagnini. Liquid Crystalline Polymers. Handbook of 
Thermoplastic, ed by Olagoke Olabisi. New York: Marcel Dekker. Chapter 41. 1997. 
 
 176
 Martin J.C.A., K.M. Novack and S.G. Ailton. Nonisothermal Crystallization Kinetics of 
Thermotropic Polyesters with Flexible Spacers in the Main Chain, Polym., 39,  pp. 6941-
6944. 1998. 
 
Matsumoto, S., H. Hatoh and A. Murayama. Matrix Liquid-Crystal Display Device 
Technologies, Liq Cryst, 5, pp.1345-1364. 1989. 
 
Meyer, R.B. Faraday Discuss. Chem. Soc., 79, pp.125. 1985. 
 
Murthy N.S. and S.M. Aharoni. Structural Studies of Liquid-Crystalline Poly(ester 
amides). Macromolecules, 25, pp. 1177-83. 1992. 
 
Navarro, F. Thermotropic Functionalized Polyesters with Main-Chain Aromatic Ortho-
Linked Units, Macromolecules, 24, pp. 6622-6635. 1991. 
 
Negi Y.S. and R.K. Goyal. Development of Thermotropic Liquid Crystalline Polymers 
and their Applications. Int. J. Plast. Technol., 7, pp. 99-118. 2003.   
 
Nesrullajev, A., M. Tepe, D. Abukay, N. Kazanci, D. Demirhan and F. Buyukkihc. Effect 
of YBa2Cu3O7.x Thin Films on the Textures and Orientational Properties of Liquid 
Crystals, Appl. Phys. A, 71, pp.161-167. 2000. 
 
 177
 Nesrullajev, A., M. Tepe and N. Kazanci. Surface-induced and Oriented Texture of 
Semectic Liquid Crystals: Effect of Thin Films, Appl. Phys. D, 35, pp. 2994-3001. 2002. 
 
Noel, C., C. Friedrich, F. Lauprete, J. Gillard, L. Bosio and C. Strazielle. Polymers with 
Mesogenic Elements in the Main Chian : A Nematic Aromatic Copolyester, Polymer, 25, 
pp. 263-273. 1984. 
 
Ober, C.K., J.I. Jin and R.W. Lenz. Liquid Crystal Polymers with Flexible Spacers in the 
Main Chain, Adv. Polym. Sci., 59, pp. 104-146. 1984. 
 
Onsager, L. The Effects of Shapes on the Interaction of Colloidal Particles, N.Y. Ann. 
Acad. Sci. 51, pp. 627-659, 1949. 
 
Percec, V., M. Glodde, G. Johansson, V.S.K. Balagurusamy and P.A. Heiney. 
Transformation of a Spherical Supramolecular Dendrimer into a Pyramidal Columnar 
Supramolecular Dendrimer Mediated by the Fluorophobic Effect, Communications, 42, 
pp. 4338-4342. 2003. 
 
Platé, N. A. (ed). Liquid Crystal Polymers, New York: Plenum Press. 1993.  
 
Pletcher, T.C. (Du Pont). Copolyesters of Derivatives of Hydroquinone, US Patent 
3,991,013. 1976.  
 
 178
 Pugh, C., H. Liu, S.V. Arehart and R. Narayanan. Design of Molecular Architectures for 
Polymeric Mesophase Formation, Macromol. Symp., 98, pp. 293-310. 1995. 
 
Qian, R.Y., S.X. Chen and W.H. Song. Recent Advances in the Observation of 
Disclinations of Main-Chain Nematic Polymers, Macromol. Symp., 96, pp. 24-49. 1995. 
 
Reinitzer, F. Zur Kenntnis des Cholesterins. Monatshefte, 9, pp. 421-426. 1888. 
 
Roetz, U., J. Lindau, H. Fischer and F. Kuschel. Liquid-Crystalline Main-Chain 
Polyesters with Lateral Aromatic Substituents. Mol. Cryst. Liq. Cryst., 225, pp. 167-73, 
1993. 
 
Rojstaczer, S. R. and R.S. Stein. Effect of Thermal History on the Nematic State of a 
Thermotropic Liquid Crystal Polymer. Macromolecules, 23, pp. 4863-4861, 1990. 
 
Rybnikar, F., J. Liu and P.H. Geil. Thin-film Melt Polymerized Single Crystals of Poly(p-
oxybenzoate). Macromol. Chem. Phys., 195, pp. 81-104. 1994a. 
 
Rybnikar, F., B.L Yuan and P.H. Geil. Lamellar Crystallization during Bulk 
Polymerization of Poly(p-oxybenzoate). Polymer, 35, pp. 1863-1868. 1994b. 
 
Rybnikar, F., B.L. Yuan and P.H Geil. Morphology of Nascent Melt Polymerized 
Poly(2,6-oxynaphthoate/m-oxybenzoate) Copolymer. Polymer, 35, pp. 1831-1845. 1994c. 
 179
  
Sandhya K.Y., C.K.S. Pillai and K.S. Kumar. New Liquid-Crystalline Poly(ester amide)s: 
The Role of Nitro Groups in the Phase Behavior, J. Polym. Sci. Polym. Phys., 42, pp. 
1289-1298. 2004. 
Sawyer, L.C. and M. Jaffe. The Structure of Thermotropic Copolyesters, J. Mater. Sci., 21, 
pp. 1897-1913. 1986. 
 
Schaefgen, J.R. (Du Pont) Aromatic Copolyester Capable of Forming An Optically 
Anisotropic Melt, US Patent, 4,118,372. 1978. 
 
Shi, F.F. and J. Economy. Aliphatic/Aromatic Copolyester Thermoset Adhesives: 
Synthesis and Characterization, Polym. Eng. Sci., 37, pp. 549-558. 1997. 
 
Shibaev, V.P. and L. Lam. (ed). Liquid Crystalline and Mesomorphic Polymers, Chapter 
2, New York: Springer-Verlag. 1994. 
 
Silverstein, M.S., A. Hiltner and E.J. Baer. Hierarchical structure in LCP/PET blends, J. 
Appl. Polym. Sci., 43, pp. 157-173. 1991. 
 
Sperling, L.H. Introduction to physical polymer science, pp. 279-302, New York : Wiley. 
1986.  
 
Stegemeyer, H. (ed). Liquid crystals, Chapter 3, New York: Springer. 1994.  
 180
  
Sudha, J.D. and C.K.S. Pillai.  Hydrogen-Bonded Thermotropic Liquid-Crystalline 
Polyester-amides from Bis(hydroxy alkamido)aranes: Synthesis and Properties. J. Polym. 
Sci. Polym. Chem., 41, pp. 335-346. 2002. 
 
Sun S.J. and T.C. Chang. Studies on Thermotropic Liquid Crystalline Elastomers. I. 
Synthesis and Properties of Poly(amide-ester) Elastomers. J. Polym. Sci. Polym. Chem. 
33, pp. 2119-2125. 1995.  
 
Takatoh, K., H. Yamaguchi, R. Hasegawa, T. Saishu and R. Fukushima. Application of 
FLC/AFLC, Polymer for Advance Technologies, 11, pp. 413-426. 2000. 
 
Takehara, S., H. Ogawa, N. Fujisawa, M. Osawa and T. Shoji. Optically-active 
pyridazyinyl Carboxylates or biphenylcarboxylates for Ferroelectric Chiral Smectic Liquid 
Crystal Display Devices, Japanese Patent, 6,3027,481, 1988. 
 
Ueda, M., Y. Noguchi, J. Sugiyama, E. Yonetake and T. Masuko. Synthesis and 
Characterization of Poly(4-hydroxy-2,3,5,6-tetrafluorobenzoic acid), Macromolecules, 25, 
pp.7086-7089 .1992. 
 
Vijayanathan, V., V.S. Prasad and C.K.S. Pillai. Synthesis and Thermal Behavior of 
Thermotropic Terpolymers Based on 8-(3-hydroxyphenyl)octanoic Acid, 2,6-
 181
 Naphthalenedicarboxylic Acid, and Substituted Hydroquinones, J. Appl. Polym. Sci., 82, 
pp. 1021-1029. 2001. 
 
Vilalta, P.M., G.S. Hammond and R.G. Weiss. Determination of the Solubilization Sites 
Afforded by Smectic Phases of (Perfluorodecyl)decane [F(CF ) (CH ) H] to Some 
Linear Ketones Undergoing the Norrish II Photoreactions,
2 10 2 10
 Langmuir, 9, 1910-1921. 1993. 
 
Volksen, W., J.R. Lyerla, J. Economy and B. Nowson. Liquid-Crystalline Copolyesters 
Based on Poly(p-oxybenzoate) and Poly(p,p-biphenylylene terephthalate),  J. Polym. Sci. 
Polym. Chem. Ed., 21, pp. 2249-2259. 1983. 
 
Vonlander, D. Erfonschung der Molekularen Gestalt mit Hilfe der Kristallinischen 
Flussigkeiten. Z. Physik. Chem,. 105, pp. 211-218. 1923. 
 
Wang, W, G. Lieser and G. Wegner. Lyotropic Liquid Crystals of Soluble 
Polydiacetylene A Comparative Investigation by Means of Optical and Electron 
Microscopy, Liq. Crsyt., 15, pp. 1-24. 1993. 
 
Wang, W, T. Hashitomo, G. Lieser and G. Werner. Elastic Constant Anisotropy, Core 
Structure of Wedge Disclination and Optical Texture of Main-Chain P-4-BCMU Liquid 
Crystals, J. Polym. Sci. Polym. Phys., 32, pp. 2171-2186. 1994.  
 
 182
 Wang, Y., J.M. Xu, S.X. Cheng, K.P. Pramoda, T.S. Chung and S.H. Goh. Thin-Film 
Polymerization and Characterization of Sumitomo’s Sumikasuper®-type Liquid 
Crystalline Polymers, Liq. Cryst., 30, pp. 753-764. 2003. 
 
Wang, X.J. and Q.F. Zhou. Liquid Crystalline Polymers, Singapore: World Scientific. 
2004. 
 
Weiss, R.A. and C.K. Ober. Liquid Crystalline Polymers, Chapter 1, Washington DC: 
American Chemical Society. 1990. 
 
Wewerka, K., A. Wewerka, F. Stelzer, B. Gallot, L. Andruzzi and G. Galli. New 
Microphase-Separated Diblock Copolymers Carrying Semifluorinated Side Groups 
Prepared by ROMP, Macromol. Rapid Commun., 25, pp. 906-910. 2003. 
 
Witteler, H., G. Lieser, G. Wegner and M. Schulze. Textures of Liquid-crystalline Phases 
of Substituted Poly(p-penylene)s, Macrocal. Chem., Rapid Commum., 14, pp. 471-480. 
1993.  
 
Wood, B.A. and E.L. Thomas. Are Domains in Liquid Crystalline Polymers Arrays of 
Disclination, Nature, 324, pp. 655-657. 1986. 
 
Wunderlich, B. Macromolecular Physics - Crystal Nucleation, Growth, Annealing, Vol. 2, 
New York: Academic Press. 1973. 
 183
  
Xiao, H., Y.Z. Xiong, Y.Y. Chee, K. Mitsumasa and N. Kazuo. Effect of Thermal History 
on the Time Evolution of the Structure of Thermotropic Liquid Crystalline Polyesters 
Containing a Halogen-Substituted Hydroquinone Ring, Macromol Chem. Phys., 202, pp. 
1743-1749. 2001. 
 
Xiang, M.L., X.F. Li, C.K. Ober, K. Char, J. Genzer, E. Sivaniah, E.J. Kramer and D.A. 
Fischer. Surface Stability in Liquid Crystalline Blok Copolymers with Semifluorinated 
Monodendron Side Groups, Macromolecules, 33, pp. 6106-6119. 2000. 
 
Yang, Y.G. and X.W. Jian, Preliminary Communication Synthesis and Properties of 
Some Semi-fluoroalkoxy Chain Liquid Crystals. Liq. Cryst., 29, pp. 161-162, 2002. 
 
Yang, Y.Y., H. Chen, G. Tang and J.X. Wen. Synthesis and Mesomorphic Properties of 
Several Series of Fluorinated Ester Liquid Crystals, Liq. Cryst., 29, pp. 255-261. 2002. 
 
Yerlikaya, Z. S. Aksoy and E. Bayramli. Structure and Properties of Fully Aromatic 
Thermotropic Liquid-Crystalline Copolyesters Containing m-Hydroxybenzoic Acid Units 
J. Appl. Polym. Sci., 90, pp. 3260-3269. 2003. 
 
Yoshio, I., T. Akira, W. Shinji, K. Masa-Aki and K. Toshikazu. Synthesis and Properties 
of New N-Methylated Aliphatic-Aromatic Polyamides Derived from N,N’-
 184
 Dimethylalkylenediamines and 4,4’-Biphenyl-dicarboxylic and 4,4’’-p-
Terphenyldicarboxylic Acids, Macromol. Chem. Phys., 202, pp. 26-30. 2001.  
 
Zhang, S.J., E.M. Terentjev and A.M. Donald, Disclinations and Their Interactions in 
Thin Films of Side-Chain Liquid Crystalline Polymers, Macromolecules, 37, pp. 390-396. 
2004.  
 
Zhang, S.J., E.M. Terentjey and A.M. Donald. Nature of Disclination Cores in Liquid 


















1. May May Teoh, Tai-Shung Chung and K. P. Pramoda. Surface Microcracks 
Decoration and Disclination Defects of Wholly Aromatic Liquid Crystalline 
Copolyesters, J. Phys. Chem. B., 2006, 110, pp. 5889-5896. 
2. May May Teoh, Song-Lin Liu, Tai-Shung Chung, Effect of pyridazine structure on 
thin-film polymerization and phase behaviour of thermotropic liquid crystalline 
copolyesters, J. Polym. Sci. Polym. Phys., 2005, 43, pp. 2230-2242.  
3. May May Teoh, Tai-Shung Chung, David A. Schiraldi, Si-Xue Cheng, Thin-film 
polymerization and ‘RIS’ Metropolis Monte Carlo simulation of fluorinated aromatic 
copoly(ester-amide)s, Polymer, 2005, 46, 3914-3926. 
4. May May Teoh, Tai-Shung Chung, Si-Xue Cheng, Ting-Ting Lin and K. P. 
Pramoda, Molecular design of liquid crystalline poly(ester-amide)s with 
perfluoroalkyl spacers, Liq. Cryst., 2004, 31, 871-881. 
 186
